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Summary. 
A technique called competitive dialysis has been 
devised to quantify the interactions which take place between 
metal ions and proteins in aqueous solutions. The method 
consists of performing equilibrium dialysis experiments on 
solutions which incorporate a metal ion buffer. In order 
to avoid the lengthy dialysis times which are necessary to 
achieve equilibrium between dialysate and retentate solutions, 
a procedure was developed to enable the operator to 
extrapolate to the equilibrium distribution of metal between 
the two solutions after a relatively short (4-8 hours) 
dialysis time. Having determined the equilibrium distribution 
of metal ions in a given experiment, the extent to which the 
metal ions were bound by the protein was expressed as an 
apparent binding constant Kapp· The behaviour of Kapp as 
experimental parameters were changed allowed for further 
analysis of the results in terms of the metal-protein 
species formed in solution. A theory is given showing 
how this can be achieved. 
The avidity of bovine serum albumin for copper(II} and 
zinc(II) ions was investigated using this method. Experimental 
conditions in which the interactions were studied involved 
0 pH 7.40, ionic strength 0.15 and 37 , these being the 
broad conditions operating in the protein's natural 
environment. In addition, metal ions were presented to 
albumin in a metal ion buffer consisting of a metal salt 
and an amino acid, either glycine or histidine. The relative 
concentrations of amino acid, metal ions and protein were 
arranged so that in no experiment did the average nu mber 
V 
of metal ions bound to albumin exceed one per molecule of 
protein, a condition also applying in blood serum. 
The results showed that the two metal ions behaved 
quite differently towards the protein. Copper(II) ions 
formed a binary complex with albumin, Cu-albumin, a mixed 
complex with albumin and an amino acid, Cu-albumin-amino acid, 
and a bis-albumin complex, Cu-albumin 2 . The conditional 
stability constants for these complexes under the experimental 
conditions employed, were 1 2 1 7 KCu-alb=l .lxlO , Kcu-alb =0.8xl0 , 
1 5 Kcu-alb-gly=l .7xl0 , 16 
2 
and KCu-alb-his=l .3xl0 . In contrast 
with copper(II) ions, zinc(II} ions did not form mixed 
complexes with albumin in solutions containing an amino acid, 
or a bis-albumin complex. However, serum albumin appears 
to support two binding sites for zinc(II) ions and two 
zinc(II)-albumin complexes were detected in solution. These 
were Zn-albumin, which had a conditional stability constant 
7 Kzn-alb=4.0xl0 , and Zn 2-albumin which had a conditional 
l 3 stability constant Kz lb=3.2xl0 . 
n2-a 
A critique of the method of competitive dialysis is 
presented, and some implications of the results achieved 
using the method are discussed. 
Contents. 
Thesis title. 
Statement. 
Acknowledgements. 
Summary. 
Table of contents. 
INTRODUCTION 
Introduction. 
page 1 
i i 
i i i 
1 V 
Vl 
l 
DESCRIPTIONS OF PROTEIN-SUBSTRATE EQUILIBRIA 
Descriptions of protein-substrate equilibria. 5 
Origins. 7 
pKas and stability constants. 13 
Intrinsic pK s and intrinsic binding 
a 
constants. 19 
Binding constants for physiological studies. 30 
THE METHOD OF COMPETITIVE DIALYSIS 
Rationale. 
Theory. 
Technique. 
APPLICATION OF THE METHOD OF COMPETITIVE DIALYSIS 
The binding of copper(II} and zinc(II) ions 
34 
41 
52 
to serum albumin. 64 
Experimental. 68 
The system copper(II) ions/glycine/albumin. 74 
The system zinc(II) ions/glycine/albumin. 83 
The system copper(II} ions/histidine/albumin. 88 
The system zinc(II) ions/histidine/albumin. 95 
RESULTS 
Interactions between copper(II) ions and 
serum albumin. 103 
Vl 
Interactions between zinc(II) ions and 
serum albumin. page 112 
Criticisms. 1 1 6 
DISCUSSION 
The interpretation of the results. 123 
Binding constants for copper(II)/amino 
acid/albumin interactions. 127 
A model for copper(II)/albumin interactions. 134 
Binding constants for zinc(II)/amino 
acid/albumin interactions. 144 
Models for zinc(II)/albumin interactions. 147 
In conclusion. 152 
APPENDIX 
Computer program for calculation of apparent 
binding constants from competitive dialysis 
experiments. 155 
REFERENCES 
V l l 
INTRODUCTION. 
1 
Introduction. 
The metabolism of metals in living systems forms only a 
small part of the gross chemical changes which occur during 
life processes. Nevertheless, metal ions are essential to 
normal physiology and their altered metabolism gives rise to 
many well documented aberrations which in man and many other 
animals are recognised as disease states. The study of metal 
ions and their complexes in living systems is now recognised 
as the integrated discipline of inorganic biochemistry. 
Much information has been amassed about many of the 
11 f i x e d II met a 1 comp 1 exes n e c es s a r y to s us ta i n 1 i f e . The 
iron(II)-porphyrin complex hemoglobin, important 1n respiration, 
has been exhaustively studied and the structural differences 
between normal forms of this complex and mutant forms of 
clinical significance have been elucidated in many instances 
(see Wintrobe, 1961). The work of Kendrew and his associates 
(Kendrew et al., 1960) produced a complete structural picture 
of myoglobin, also an iron(II)-porphyrin complex. The 
cobalt(III) complex cyancobalamin (= vitamin B12 ) is another 
complex whose structure is comprehensively known (see Pratt, 
1972). In addition there are many other robust metal 
complexes involved in metabolism whose structures and 
functions have been only partly decided. These include the 
ferredoxins, whose active centres are composed of iron-sulphur 
tetrahedra in which the iron may have oxidation states of 
+l, +2 or +3 (Orme-Johnson, 1973); the iron storage protein 
ferritin, composed of a protein shell around an hydrated 
iron(III) core (Harrison, 1963); and the copper protein of 
blood serum, ceruloplasmin (= ferroxidase), whose structure 
2 
has yet to be determined. Metal ions also form robust 
complexes with apoenzymes so giving the active catalysts. 
Zn(II)-carboxypeptidase cleaves peptide bonds in protein 
catabolism; iron and molybdenum form the active centres in 
xanthine oxidase from mammalian liver; Cu(II)-superoxide 
dismutase of erythrocytes destroys harmful superoxide radicals 
within the red blood cell envelope. 
Not all metal complexes with proteins are 11 fixed 11 , 
requiring catabolism of the protein moiety before the metal 
can be released from its ligand. Many proteins form labile 
complexes with metal ions in solution, and these interactions 
have been much less studied. Serum albumin binds copper(II) 
and zinc(II) ions giving labile complexes whose stability 
constants at 37° and pH 7.40 were measured during the work 
for this thesis. Calcium ions bind reversibly with proteins 
in sarcotubular membranes (Bertrand et al., 1971) so playing 
a part in muscle contraction. Transferrin in blood serum 
binds two equivalents of iron(III) giving complexes with 
conditional stability constants under physiological conditions 
of 10 30 and 10 57 or thereabouts (Davis et al., 1962). The 
a 2-macroglobulin of blood serum appears able to bind a 
variable number of zinc(II) ions very strongly (Parisi & 
Vallee, 1970). 
How ever, in 1 i vi ng tissues, proteins are not the only 
ligands available to complex metal ions. Numerous smaller 
molecular weight ligands abound. These range from amino acids 
and nucleotide phosphates to simpler ligands such as ammonia, 
inorganic phosphate and bicarbonate. There is, as a result, 
3 
considerable competition between these smaller ligands and 
proteins for any metal ions available. The extent of this 
competition and the success of any particular ligand in metal 
complexing can be computed, using recently developed co mp uter 
programs which iterate calculated concentrations of complexed 
species in mixtures of metal ions and complexing agents to 
their equilibrium situation (Perrin & Sayce, 1968). The data 
required for these programs are the concentrations of all the 
components in a given mixture and the stability constants of 
any metal complexes formed. It is in the latter that figures 
are deficient. Stability constants for metal complexes in 
solution are readily available where the ligand(s) are of low 
molecular weight (<800). Their determination is relatively 
straightforward (see Rossotti & Rossotti, 1961). However, 
complex formation between metal ions and proteins, or other 
ligands whose molecular weight is greater than 10,000 , 1s 
generally described by a different sort of constant. The 
binding of metal ions, like that of any other substrate, to 
a protein is usually described by an intrinsic binding 
constant which refers to the avidity of the binding sites 
rather than to the stability of a complexed species. The 
intrinsic constant 1s therefore a different concept from the 
stability constant. 
If the multiple equilibria between metal ions and ligands 
of disparate molecular weights such as occur in living tissues, 
are to be successfully computed, then some uniformity in 
expressing equilibrium constants must be adopted. The ideas 
behind the two types of constants used in describing metal-
ligand equilibria will shortly be discussed. These constants 
4 
cannot be equated though in theory they are related quite 
simply. As a complication, however, there is a practical 
difference between them. Stability constants refer almost 
exclusively to metal complex equilibria. In discussing 
proteins, metal ions are treated as just another substrate 
capable of interacting with binding sites on a macromolecule. 
The generality in this latter case 1s a reflection of the 
ability of some proteins to bind a very wide range of 
substrates; organic or inorganic; anionic, cationic or neutral; 
of low molecular weight like protons or high molecular weight 
like other proteins. It is not possible to separate the 
binding of metal ions to proteins from the rest of the 
literature of protein-substrate interactions, so a general 
overview of the descriptions applied to such equilibria is 
now presented. 
DESCRIPTIONS OF PROTEIN-SUBSTRATE EQUILIBRIA 
5 
Descriptions of protein-substrate equilibria. 
The mass action law of Guldberg and Waage and the theory 
of electrolytic dissociation propounded by Arrhenius, naturally 
combined to produce the classical picture of an ionic 
equilibrium reaction. If two ions An+ and Bm- combine 
reversibly according to the equation 
An+ + Bm- <' AB(n-m)+ 
>' 
then 
(AB)/(An+)(Bm-) = a constant 
The constant is the classical formation constant of the 
product AB(n-m)+_ 
The inherent simplicity of this description leaves 
little room for ambiguity, so the task of physical chemists 
has been to match its precision in experimental terms. 
Continuous review of the concepts involved in describing 
ionic equilibria has left a legacy of two binding constants 
which attempt to express the extent of combination between 
ions as it occurs in solution. The first constant 1s the 
11
stability constant" of metal complex formation, in which 
the interaction is described in terms of reacting species; 
the second is the ''intrinsic constant" of substrate-
macromolecule interactions, in which the focus of attention 
is the interaction which occurs between a substrate ion and 
a binding site. 
These two constants are quite separate expressions of 
an equilibrium reaction and cannot be equated. In actual 
writing the difference between them becomes obvious. If the 
binding of 1 n 1 substrate ions to a ligand molecule which has 
several binding sites for the substrate # ,s considered, the 
equilibrium may be written either 
nS + L 
and 
;;, S L n where S = substrate 
and L = ligand 
K = [S L]/[S]n[L] 
s n 
Ks 1 s the II over a 11 11 stab i 1 i ty constant of the spec i es Sn L 
formed in the reaction. Alternatively the reaction may be 
written 
S + site ;;, S-site 
and 
Ki = [S-site]/[S][site] 
6 
In this case Ki 1s the intrinsic constant for the association 
of S with a binding site, a similar reaction occurring at 
each of the 1 n 1 sites available. Each reaction gives rise 
to its own value of K .. 
l 
In spite of these obvious differences, the constants 
Ks and Ki are related to each other, at least in theory. 
The separate philosophies leading to these two distinct 
constants have a common origin 1n the early discussions 
centred around the simplest of ion associations, that of a 
proton with a carboxylate anion. Their relationship stems 
from that point. 
#The term 'ligand' 1s used in the chemical sense 1n this work 
and means 1 that which binds 1. Biochemical texts frequently 
define a 1 ligand 1 as 
ligand equilibria 1 • 
will be used. 
that which is bound, as in 1 protein-
In this latter case the word 1 substrate 1 
7 
Origins. 
Early investigators found that the dissociation of a proton 
from a monocarboxylic acid could be easily measured and readily 
expressed in the manner of the classical dissociation constant. 
HA , ' H+ + A Ka = [H+][A-]/[HA] 
The application of similar thinking to simple dicarboxylic 
acids, however, revealed some apparent paradoxes. To the 
early workers it was puzzling that dicarboxylic acids such as 
pimelic (C 7) or sebacic (c 10 ) acids, with independent carboxyl 
groups, should show more than one proton dissociation constant. 
It was observed that 
(a) the monomethyl ester of a symmetrical dibasic acid 
had a dissociation constant half as large as the first 
dissociation constant of the parent acid (Walker, 1892). 
(b) If the acid was unsymmetrical its first dissociation 
constant was numerically equal to the sum of the constants of 
its individual monomethyl esters (Wegscheider, 1895). 
(c) The first dissociation constant of a symmetrical 
dibasic acid approached a value of four times the second 
constant as the carboxyl groups became further separated 
(Chandler, 1908). 
The theory to account for these observations was derived 
by Adams (1916) who introduced the concept of 11 intrinsic 11 
dissociation constants. The distinction he made was to write 
the two displaceable protons of a dibasic acid in such a way 
as to be able to distinguish between their separate ionisations. 
In essence he introduced the idea of attachment of a proton to 
a binding site. It was then a simple matter to show that the 
earlier observations in respect of the dissociation constants 
8 
of dicarboxylic acids were theoretically sound. 
Adams' equations were derived for ideal 
molecules and the condition of total independence of the two 
proton ionisations from a dicarboxylic acid is rarely met. 
Adams (1916) showed that the ratio of the two dissociation 
constants of a symmetrical dicarboxylic acid must be expected 
to be greater than four, as observed by Chandler (1908), where 
non-independence of ionisations is the rule. Later workers 
(Scatchard, 1949; Gurd & Wilcox, 1956) would argue that there 
1s a change in the statistical probability of proton ionisation 
from a given binding site when its dissociation is preceded 
by other ionisations from nearby groups on the same molecule. 
The most obvious form of interaction which might be 
expected to alter the dissociation of a proton is electrostatic, 
it being more difficult to remove a proton from an anion than 
from a neutral molecule. Bjerrum (1923), using a nomenclature 
he had previously proposed (Bjerrum, 1917), attempted to 
define a parameter 1 n 1 
pK 1 + log 4 
where pK 1 and pK 2 are the observed pKa values of a dibasic 
acid. Since the factor 4 is the statistical ratio between 
the two values of the dissociation constants, 1 n 1 becomes a 
measure of the non-independence of the two binding sites. 
Bjerrum (1923) then attempted to relate 1 n 1 to the distance 
between the second dissociating proton and the negative charge 
on the anion of the dibasic acid from which it was ionising. 
By extrapolating to zero electrostatic attraction between the 
two (n = O) he hoped to derive 11 true 11 dissociation constants 
9 
for symmetrical dibasi.c aci.ds 1n place of the 11 apparent 11 ones 
me asured. 
A fundamentally similar application of electrostatic 
interaction theory became part of Linderstr¢m-Lang 1 s (1923) 
analysis of protein-proton interactions. The 11 true 11 
dissocia tion constant of Bjerrum (1923) was an attempt to 
define a constant independent of electrostatic attraction 
between opposite charges on dissociated ions, and it has its 
modern counterpart in the intrinsic pK generally applied to 
a 
describe the titration curves of proteins. Part of the 
definition of this latter constant is a correction to zero 
net charge on the protein moiety (Tanford, 1962), so that the 
pKas refer always to the ionisation of protons from the protein 
as if they were dissociating from a monobasic acid. This 
definition arose from earlier observations where it became 
recognised that the total titration curve of a polybasic acid 
resembles that of a mixture of monobasic acids (Harris, 1923; 
Simms, 1926). Since the intrinsic dissociation constant and 
the classical dissociation constant are the same for a 
monobasic acid, the possibility arises that a titration curve 
of a polybasic acid might be described in terms of the pK s 
a 
of the monobasic acids which in combination would duplicate 
that curve. Harris (1923) dealt extensively with the theory 
and estimation of the dissociation constants of amino acids 
on this basis. He defined a 11 titration 11 constant as the 
dissociation constant a monobasic acid would have to have if 
it were to replace a given part of the observed titration 
curve of a polybasic acid. Where the polybasic acid has 
widely spaced pKas the titration constants correspond to the 
l 0 
intrinsic constants of the groups they are mimicking. Where 
the pK s of the polybasic acid overlap, however, the titration a 
constants represent neither the intrinsic constants of the 
dissociating groups, nor the classical constants of the 
dissociating species. Their values lie somewhere between the 
two (Harris, 1923; Simms, 1926). 
Simms (1926), in analysing the relationship between 
Harris' (1923) titration constant and the classical dissociation 
constant, introduced several other constants to assist him. 
He maintained the definitions of the titration constant and 
the classical constant, and then applied correction terms to 
both to compensate for electrostatic attraction between the 
dissociating proton and the negative charge of the dissociated 
group. This gave two new 'constants•, neither of which has 
a modern counterpart. He defined an "intrinsic constant" 
which represented the affinity of a proton for a particular 
group, corrected for electrostatic attraction (Simms, 1926a). 
When uncorrected for electrostatic contribution to binding, 
he termed it the "characteristic constant" of the group. The 
intrinsic constant as Simms (1926a) defined it, is used with 
very little change 1n definition to describe the titration 
curves of proteins (see Tanford, 1962). The "characteristic" 
constant has evolved into the "microscopic" constant of 
polybasic electrolyte equilibria (see Edsall & Wyman, 1958). 
Of all Simms' (1926; 1926a) constantstwo others have 
survived to current usage. These are the classical dissociation 
constant which, expressed in ion activities, is the modern 
thermodynamic pK ; the other is the titration constant which a 
1 1 
was reinterpreted by van Muralt (1930} and aligned with the 
concept of the intrinsic constant. Von Muralt (1930) extended 
Simms ' (1926) theory to give a general statement of proton 
bin ding to macromolecules. He suggested that a macromolecule 
ma y support many binding sites for protons and that these sites 
could be grouped into classes. Each class of sites 1s 
characterised by a single titration (=intrinsic) constant. 
Not only proton binding, but the binding of any substrate to 
a macromolecule could be described in this way, and van Muralt 
demonstrated this new approach by deriving constants for the 
binding of oxygen to hemoglobin, a system previously studied 
by Adair (1925). 
A significant footnote to van Muralt's (1930) paper reads 
11 In a pre vi o us semi n a r Professor Scat ch a rd was ab 1 e to 
derive Weber's# equations on the assumption that the 
probability of dissociation was the same for each group 
and independent of the number of ionisations. 11 
This footnote completes the thinking which is currently 
favoured in the description of substrate-macromolecule 
interactions. By coupling the idea of statistical probability 
of site occupation with van Muralt's suggestion of site 
classification (and Linderstr~m-Lang's theoretical treatment 
of electrostatic interactions between proteins and ions), one 
arrives at a synthesis of concepts which, though originally 
applied only to proton-polyelectrolyte interactions, was 
extended to describe the binding of any substrate by a 
#Reference to the work of Weber (1927) who independently 
derived and published equations similar to those of Simms' 
(1926) though less general in application. 
1 2 
macromolecule. This synthesis of ideas was first performed 
by Scatchard (1949) and led to that expression known as 
Scatchard's equation. Thus, substrate-macromolecule binding 
is now described in terms of interactions at binding sites, 
the extent of association between the substrate ion and the 
site being given by an intrinsic binding constant. 
l 3 
~as and Stability constants. 
While the application of the law of mass action to 
interactions at a binding site gave rise to the concept of 
intrinsic binding constants in describing substrate binding 
to macromolecules, the application of the same law to 
interactions between species in solution remained a practical 
means of describing equilibria between smaller molecules or 
ions. The pK s of an acid are accepted as the standard means a 
of quoting its successive proton dissociations where the acid 
has fewer than, say, eight titratable groups. If this number 
is exceeded, which it frequently is in electrolytes of 
molecular weight greater than about 800, the experimental 
techniques of pKa estimation cease to remain reliable. But 
where a molecule has few titratable groups, experimental 
methods allow for great precision in quoting pKas. 
pKas refer directly to equilibria existing between species 
in solution, and while the site of protonation corresponding 
to a given constant may sometimes be guessed, it is not an 
important part of its definition. The dissociation 
' 
+ Hn-lA 
and Ka= [H+][Hn-lA-]/[HnA] 
applies to the formation of all species of stoicheiometry 
Hn_ 1A- irrespective of the site(s) of dissociation of the 
proton. In a similar way stability constants are defined 
which describe the extent of formation of complexes from 
ligands and metal ions. The complexing of zinc(II) ions by 
glycine according to the equation 
Zn 2+ + gly ~ Zn-gly + 
' 
where K [ +] 2+ -= Zn-gly /[Zn ][gly] s 
1 4 
makes no assumptions concern1ng the sites occupied either on 
the metal 10n or the ligand. There is, however, considerable 
prec1s1on in the equation which is a vital part of the 
definition of Ks . The equation stipulates that free zinc 
ions, zn 2+, are complexed by glycine anions, H2N CH 2 CO 2 , 
giving a uni positive 1 :1 zinc:glycine complex. 
For ligands of low molecular weight such precise 
equations can be written defining stability constants for 
protonated, hydrolysed and polynuclear complexes. Stability 
constants for the species Zn-Hgly 2+ and Zn-gly(OH) can be 
defined from the appropriate equations. Experimental 
justification of this precision is markedly helped by 
computer analysis of equilibrium data (Sillen, 1962; 
Sayce, 1968). With such precision in definition , K 
s 
becomes a constant close to the unambiguous description 
offered by the classical constant derived from the mass 
action law. In its simplest form Ks is the stoicheiometric 
stability constant in which all concentrations are expressed 
in moles/1. (cf. concentration ionisation constants). Where 
ion activities are used in calculation, Ks becomes the 
thermodynamic constant, analogous to the thermodynamic 
ionisation constant. Most usually 'practical I stability 
constants are quoted in which, like practical pK values, 
a 
all concentrations are expressed in moles/1. except those 
of protons and hydroxide ions which are as activities 
(Rossotti & Rossotti, 1961; Albert & Serjeant, 1971). 
The similarities which exist between Ks and Ka as 
l 5 
expressions of equilibria, do not emphasise that protons and 
metal ions differ from each other in their behaviour towards 
l i g a n d s i n a t l e a s t t w o r e s p e c t s . Fi r s t l y , me t a l i o n s 
generally possess more than one point at which they can make 
contact with a ligand; secondly, metal ions possess a 
stereochemistry of their own which has to be matched by a 
ligand (or ligands) when complexing occurs. Neither of these 
considerations apply to protons. 
The multicoordinate nature of metal ions raises the 
possibility that a given metal 10n may be complexed by more 
than one ligand. Furthermore, all the ligands complexed to 
a given metal ion need not be of the same type, so that mixed 
complexes as well as bis- or higher complexes may be formed 
1n solutions of metal ions and complexing agents. Analysis 
of such solutions in terms of the stability constants of the 
complexes formed began with the publication of the theory of 
the reversible step reaction and the idea of the stepwise 
formation of metal complexes (Bjerrum, 1941). The parameter 
n had been defined as the average number of ligand molecules 
bound to each metal ion in solution (Bjerrum, 1923), and 
Bjerrum (1941) showed that when this was plotted against the 
concentration of free (=uncomplexed) ligand, the "formation 
curve" of the series of complexes formed in the experimental 
system 1s obtained. Analysis of this formation curve by, 
for example, the equation of Irving and Rossotti (1953) or 
the curve fitting computer program of Sullivan, Rydberg and 
Miller (1959), allows a stability constant to be calculated 
for each complexed species formed. The calculation of 
"overall'' stability constants for mixed complexes requires 
l 6 
more sophisticated mathematical methods than this, and 
computer programs such as LETAGROP (Ingri & Sillen, 1962; 
1965) and SCOGS (Sayce, 1968) have been published for such 
purposes. 
Apart from the formation of bis- or higher, and mixed 
complexes in solution, a third consequence of multiple 
coordination by metal ions is the possibility of chelation 
by multidentate ligands. It 1s in this phenomenon that the 
differences in behaviour between protons and multivalent 
metal ions are most marked. Chelation requires that the 
ligating atoms of the complexing agent are able to match the 
stereochemical requirements of the metal ion. This condition 
is readily met by a large number of flexible ligands in 
which it may be assumed that the energy required to change 
their conformation from that adopted in solution to that 
necessary for chelation 1s more than compensated by the 
increased stability of the complexes formed (see for example 
Angelici, 1973). Examples of this behaviour are found 1n 
simple ligands such as amino acid anions. It is also 
observed in more complicated molecules such as serum albumin, 
where the binding of a copper(II) ion takes place at the 
flexible N-terminal peptide of the protein (Peters & 
Blumenstock, 1967). Chelation also arises in complexes ,n 
which the ligand molecule has limited flexibility, such as 
iron(II)-o-phenanthroline, where the ligating atoms are 
held within a relatively fixed spatial relationship to one 
another. It is, however, molecules of higher molecular 
organisation which in the main show a tendency to possess 
areas of special arrangement of ligating atoms where substrate 
l 7 
binding can occur. Any region of a macromolecule where 
ligating atoms are able to adopt a special relationship to 
one another for substrate binding is called a binding site, 
and a site is able to complex metal ions which possess the 
s ame stereochemistry as itself. This lends some specificity 
to the binding characteristics of the macromolecule. 
Such specificity of binding cannot apply to protons as 
they impose no stereochemical requirements on the ligand 
molecule. The natural peptide egg-white lysozyme, which 
includes in its structure of 129 amino acids the potential 
ligating groups for metal ions glutamic acid (2 residues), 
arginine (11), lysine (6), tyrosine (3), histidine (1) and 
disulphide bridges (4) (Canfield, 1963), is scarcely able to 
bi n d met a 1 1 on s a·t neutral pH ( Fi es s & K 1 o t z , 195 2) , though 
there is no bar to proton binding (Tanford & Wagner, 1954). 
Where such specificity of substrate binding exists, however, 
the extent of reaction between the substrate and the ligand 
will be influenced by the exact arrangement of ligating 
groups in the binding sites. Very few proteins are totally 
rigid and most exhibit some flexibility as experimental 
conditions are changed. If this limited flexibility allows 
the spatial arrangement of ligating atoms in a binding site 
to change, there will consequently be changes in the measured 
s tability constants of any metal-protein complexes formed. 
Rare attempts have been made to define some form of 
conditional stability constant for a few cases of metal-
protein interactions (e.g. Davis, Saltman & Benson, 1962; 
Lau & Sarkar, 1971}. The constants quoted ignore protons 
and hydroxide ions as reacting entities since it cannot be 
l 8 
justified experimentally to describe protonated or hydrolysed 
complexes of a metal ion with a ligand which has literally 
hundreds of titratable groups. But the conditional nature 
of these stability constants extends further than simply 
excluding protons and hydroxide ions from the equilibrium 
equations. Such constants must also bear the qualification 
that they refer to interactions between metal ions and 
proteins where the latter have the conformation adopted 
under the given experimental conditions. This rider is 
particularly important when discussing substrate binding by 
a ligand such as serum albumin, a molecule which seems to 
alter its conformation very readily as its environment 
changes (see page 34 et seq.). It may be that stability 
constants quoted to describe equilibria between metal ions 
and ligands of high molecular organisation must always 
carry this rider. 
l 9 
Intrinstc pKas and intrins1c binding constants. 
Von Muralt (1930) laid the foundation for the analysis of 
pH titration curves of proteins when he suggested that a 
polybasic electrolyte could be treated as a collection of 
binding sites. For such an analysis binding sites on a 
polyelectrolyte are grouped into classes, each class consisting 
of sites which have identical or closely similar intrinsic 
(= titration) constants, and hence an equal probability of 
being occupied (Scatchard, 1949; Gurd & Wilcox, 1956). From 
its definition, the intrinsic dissociation constant which 
represents a given class of sites is the dissociation constant 
of the monobasic acid which will replace that part of · the 
polyelectrolyte 1 s titration curve where the sites ionise 
(Simms, 1926; von Muralt, 1930). So the intrinsic pKas of a 
macromolecule may be related directly to the type of group 
ionising by comparison of their values with the practical pK s 
a 
of monobasic model compounds. 
The practical extension of these ideas was performed on 
such proteins as zein (Cohn, Edsall & Blanchard, 1934) whose 
titration curve was analysed in terms of three classes of 
dissociating groups with pKas of 5.4, 6.9 and 10.9 . Hemoglobin 
was similarly titrated (Cohn, Green & Blanchard, 1937) and the 
resulting curve analysed in terms of six classes of sites with 
pKas ranging from 3.7 to 11.6. These studies ignored any 
electrostatic interactions which might occur between dissociating 
protons and the charges remaining on the main body of the 
proteins, so the pK s quoted were 11 apparent 11 intrinsic 
a 
constants. The inclusion of this aspect of the interactions, 
f o ~s e e n by B j e r r um ( 1 9 2 3 ) a n d L i n d e rs t r ~ m - L a n g ( l 9 2 3 ) , w a s 
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made by Steinhardt and coworkers (Steinnardt & Harris, 1940; 
Steinhardt, 1942} and tnoroughly developed by Edsall (1943) 
and Klotz (1953). Eventually a highly definitive work on the 
pH titration curves of proteins was published by Tanford (1962) 
1n which emphasis was placed on the reference of all intrinsic 
pK values to a state of zero net charge on the main body of 
a 
the protein. 
Defining such a point of reference makes it possible to 
compare directly the intrinsic pK s of titratable groups on a 
a 
protein with the practical pKas of smaller model compounds which 
represent them. Thus carboxyl groups in a macromolecule might 
be expected to have intrinsic pKas similar to the pKa of acetic 
acid; histidine side chains in a protein have intrinsic pKas 
similar to imidazole; amino groups can be compared with 
methylamine. Considerable information concerning the structure 
of individual proteins has been obtained from such comparisons 
(Tanford, 1962). For example, groups which have intrinsic 
pKas different from their expected value, such as carboxyl 
groups with intrinsic pKa of 7.3 (Tanford & Taggart, 1961), 
indicates that these groups are 11 buried 11 in the protein and are 
only exposed after some change in the protein's conformation 
which occurs around pH 7.3 . The analysis of titration curves 
of polyelectrolytes 1n terms of classes of binding sites is 
also more practical than the alternative analysis based on 
individual dissociation constants, simply because of the large 
number of dissociations encountered. Serum albumin, for 
example, possesses about 290 titratable groups (Stein & 
Moore, 1949) and it is impractical to calculate the individual 
dissociation constants for each of the 290 equations which 
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could be written. However, the classification of the same 
290 proton binding sites into nine classes allows for a 
practical and conceptually valid description of albumin's 
titration curve, in such a way that information is obtained 
about the protein's structure (Tanford, 1955). 
It is perhaps natural that the theory of proton binding 
to macromolecules should be extended to include other substrate 
ions, and an exhaustive algebra has been written along these 
lines (Edsall, 1943; Klotz, 1953; Steinhardt & Reynolds, 1969). 
Such an extension is, however, a dubious proposition. Most 
substrates other than protons complex to binding sites on 
the protein which are more than just single atoms. These 
compound sites are special areas of the ligand where ligating 
groups may be held ,n some special arrangement which 
facilitates binding. The complexing of iron(III) to 
transferrin, the iron transport protein of blood serum, 1s 
reported to depend on the square pyramidal arrangement of 
three tyrosine and two histidine side chains in a specific 
region of this protein (Windle et al., 1963). When 
considering the binding to proteins of substrates other than 
protons, therefore, the concept of the binding site is 
markedly changed. It is no longer the single point of 
contact between protein and substrate, but embodies the 
complete stereochemical structure in the area of the ligand 
where the substrate has several points of attachment. Such 
a site can still be considered to have an intrinsic binding 
constant for its substrate, but this constant now reflects 
the affinity the site possesses by virtue of its three 
dimensional structure as well as the ligating groups it 
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contains. 
One immediate implication of this redefinition of a 
binding site is that caution must now be exercised in the 
use of interionic attraction theory in describing protein-
substrate equilibria. A fundamental tenet of the interionic 
attraction theory frequently applied to protein-substrate 
interactions (Linderstr~m-Lang, 1923) is that interactions 
between ions are governed by the sign and size of their 
ionic charges rather than by their natures. This situation 
is approximated when chloride ions (Scatchard, Schenberg & 
Armstrong, 1950) or thiocyanate ions (Scatchard, Schenberg 
& Armstrong, 1950a; Scatchard, Coleman & Shen, 1957) interact 
with serum albumin. It has been found that the binding of 
these substrate ions to albumin can be adequately described 
1n terms of interionic attraction between them and the 100 
or so protonated amine groups of the isoionic protein. 
These substrate ions make no stereochemical demands on the 
protein, and so the nature of the interacting ions is 
secondary to the electrostatic forces between them when 
association occurs. Interionic attraction theory can be 
validly applied in these cases. 
Contrariwise, where substrate binding relies on the 
11 correct 11 s tr u ct u res of s i t e and s u b s tr ate com 1 n g together , 
this fundamental tenet of the interionic attraction theory 
is violated. The nature of the interacting ions now assumes 
importance in their association. The binding of the dye 
methyl orange to serum albumin cannot be interpreted solely 
by interionic attraction theory (Karush, 1951). Stereochemical 
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factors in binding far override any electrostatic forces, 
as must be the case in the binding of numerous other organic 
anions to the anionic protein. As another example, it is 
known that of all the amino acids in blood serum in their 
predominantly zwitterionic form, only tryptophan binds 
directly to serum albumin (McMenamy, 1963). Again it would 
appear that the structures of the binding site(s) and of 
the substrate are the major influence which determines 
whether or not complexing occurs between the protein and its 
substrate. Similar observations apply to the binding of 
metal ions to proteins. The increased binding of calcium 
ions to serum albumin as the negative charge on the protein 
is increased is much less than would be predicted from the 
application of interionic attraction theory to the interaction 
(Katz & Klotz, 1953). Fiess and Klotz (1952) calculated the 
extent of binding of copper(II} ions to a variety of proteins 
on the basis of interionic attraction theory, and found gross 
discrepancies between the calculated values and those 
observed experimentally. 
These findings all indicate the diminished importance of 
electrostatic forces in protein-substrate binding when the 
substrate ions impose structural requirements on the 
macromolecular ligand before binding can occur. This being 
SO , i t follows that any treatment which alters the structure 
of the binding sites of a protein w i 11 alter the magnitude 
of K. for the reaction 
1 
s + site ~ S-site K.= [S-s i te] / [s] [s i tel 
' 
1 
Some proteins such as woo 1 keratin are particularly rigid , n 
their structure. Others like serum albumin change readily as 
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their environment alters (see page 34 et seq.}. It need not 
be supposed that even minor conformational changes in a 
protein do not affect its binding sites#. To be valid, 
therefore, any equation which defines the extent of reaction 
between a binding site and its substrate must include some 
description of the structure of the site. The parallel to 
this is the close description of the ligand given in the 
equation which defines a stability constant (see page 13). 
Since insufficient is known about the structure of most 
proteins, binding sites cannot be described in the fine detail 
of molecular arrangement. They can, however, be described in 
relation to the average conformation adopted by the protein 
under given experimental conditions. Thus Ki becomes the 
intrinsic binding constant of the reaction between a binding 
site and its substrate when the protein has the particular 
conformation adopted under defined experimental conditions. 
The intrinsic binding constant applied to protein-substrate 
equilibria is therefore a highly conditional constant, 
dependent on the conformation of the protein at the time of 
its estimation. This is a severely altered definition of the 
concept of intrinsic constant from that originally derived 
#rt is difficult to find an unequivocal example to illustrate 
this point. Serum albumin changes its conformation through the 
pH range 5-8.5. The intrinsic constant of its binding sites 
for zinc(II) ions increases with pH in this same region (see 
table p. 65). This increase in site affinity may be partly due 
to ionisation of histidine side chains in the sites which 
have an intrinsic pK =6.9 (Tanford et al. ,1955). However, 
a 
changes in site structure which accompany changes in conform-
ation as the pH is raised could also be expected to contribute 
to the stability of the complexes formed. 
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to describe proton binding. In this latter case the intrinsic 
pK of a particular group 1n a protein has an 11 expected 11 value a 
derived directly from the pKa of a simpler compound, and it 
is a constant figure no matter what the experimental conditions 
or the shape of the protein molecule supporting the 
dissociating group. 
The change in concepts in go1ng from intrinsic proton 
association constant to intrinsic binding constant for other 
substrates has far reaching effects in the analysis of 
protein-substrate binding data. Usually these analyses start 
with the equations of Klotz, Walker and Pi van (1946) 
1 K~ 
+ 1 = -1 
r n[S] n 
or Scatchard (1949) 
r 
nK. rK. - = 
[SJ 1 1 
where Ir I 1 S the average number of substrate ions bound to, 
and 1 n 1 is the number of binding sites supported by a protein 
molecule. Both these equations are derived by applying the 
mass action law to reactions between substrate ions and 
binding sites. They assume that each protein molecule supports 
1
n 1 totally independent and equal sites whose intrinsic 
constant does not vary with substrate binding. This precludes 
any conformational changes in the protein as binding of 
substrate proceeds. Non-linearity of these linear equations 
when experimental results are plotted is generally interpreted 
as the involvement of more than one class of sites in the 
binding reactions. A technique for resolving a non-linear 
1 Scatchard 1 plot into its linear partial plots has been 
published (Bertrand et al., 1971), each partial plot 
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purportedly representing the binding of substrate by a single 
class of sites. This approach has two major drawbacks. 
Firstly, the ranking of binding sites into classes is always 
an arbittary process (Karush, 1951) leading consequently to 
errors in interpreting binding data (Schellman, Lumry and 
Samuels, 1954). Secondly, the assumption that the binding 
sites do not affect each other is maintained during these 
analyses. 
The arbitrary nature of site classification is readily 
shown by the example of palmitate binding to serum albumin 
(Fletcher, Spector & Ashbrook, 1970). Using a published 
computer program (Fletcher, Ashbrook & Spector, 1973) the 
binding curve was analysed into three classes of sites(ibid.) 
containing either 2, 4 and 20 sites per class, or 3, 3 and 
63 sites per class. This uncertainty of site classification, 
and even of the total number of sites available, does not 
apply to proton binding since the total number of sites (that 
is the number of titratable groups) and their classification 
(into carboxyl, imidazole, etc.) is obtained from the gross 
analysis of the amino acid composition of the protein. There 
is no parallel analysis which gives the numbers of sites for 
binding most other substrates since such sites exist not as 
single chemical groups, but as three dimensional structures. 
There must therefore be a marked difference in the approach 
to the analysis of protein-substrate binding from that of 
protein-proton binding. In the latter case there is much 
information which has to be guessed in the former case. 
The assumption frequently made in the analysis of protein-
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substrate binding data is that the binding sites are totally 
independent of each other. In practice it is frequently 
found that there is some interaction between them and that 
changes in a protein's conformation accompany substrate 
binding. An extreme example of a substrate induced conform-
ational change was interpreted by Pallansch and Briggs (1954) 
who studied the binding of detergents to serum albumin. They 
found that up to 10 detergent ions could bind to albumin 
which caused the protein to unfold, destroying the 10 initial 
sites but exposing 80-100 new sites of lesser affinity. A 
less extreme example of a conformational change induced 1n 
a protein by interaction with a substrate ion is the binding 
of manganese(II) ions by transfer-ribonucleic acid. The 
binding curve for this interaction was resolved into two 
partial plots representing binding by two classes of sites 
(Danchin & Gueron, 1970). However, the observed 11 cooperati vity 11 
of binding (Cohn, Danchin & Grunberg-Manago, 1969) implies 
changes in the protein's structure which alter the probability 
of binding at individual sites as more metal ions are bound. 
Such a situation may be represented in simplified terms by 
the two equations 
-P- + s :::i.. -P-S K.=[-P-SJ/I-P-J IS] 
' 
1 
and 
S-P- s :::i.. S-P-S K1. = [ S - P - S J / [ S - P - J [ S J + 
' 
l 
where I (-P- represents protein with two binding sites K. 1 K. a 1 l 
separately indicated; s represents substrate). In other 
words the affinity of a given site cannot be represented 
a single intrinsic binding constant throughout the entire 
binding curve. This again is in marked contrast with the 
concepts used to describe proton binding to proteins. An 
by 
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intrinsic pK is a single figure, invariate with changes 1n 
a 
protein conformation and with an expected value derived fro m 
the pK of a model compound. Differences of intrinsic pK s 
a a 
from their expected value, moreover, do not reflect changes 
in site affinity for protons but merely the accessibility of 
that group to the solvent, as in the case of carboxyl groups 
with apparent intrinsic pK s of 7.3 (see page 20). This 1s 
a 
not so when discussing the binding of other substrates. 
Here, changes in an intrinsic binding constant may reflect 
changes in site structure, and hence a real difference in 
the affinity of the site for its substrate. 
The classification of binding sites, already arbitrary, 
is further confused by the inadvisability of regarding sites 
as fixed structures # . It also loses much of its significance 
when there is no reference point for the affinities measured. 
Intrinsic pK s have such a reference point in the practical a 
pKas of monobasic electrolytes. The statement that "there 
1s a class of n sites with intrinsic pK 3.4 11 is readily 
a 
translated into "there are n titratable carboxyl groups 1n 
this protein". The worth of an intrinsic pK and the 
a 
classification of proton binding sites lies in this direct 
comparison between intrinsic pK s and the pK s of model 
a a 
compounds. Intrinsic binding constants for substrates other 
than protons have no such reference point, and so direct 
#on a speculative point, there is no reason to suppose that 
during a substrate-induced conformational change in a protein 
all the bindin g sites are altered to the sa me extent. Thus 
a given site may be grouped in one class initially but 
subsequently be reclassified as binding progresses. 
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compar1son between the binding affinities of a protein and 
a model compound is not possible. Nor is it likely to be 
so. The reason for this is again the complexity of the 
binding sites for these other substrates, so that even if a 
site's structure in a given situation were known, so much of 
it is likely to be tied to the gross features of the parent 
protein molecule. The binding site of carboxypeptidase A 
for zinc(II) ions involves two histidine side chains in 
positions 69 and 196 of the primary sequence, and a glutamic 
acid residue in position 72 (Lipscomb, 1970). No short 
peptide could mimic the binding behaviour of this site. 
Similarly, the binding of copper(II) and zinc(II) ions to 
myoglobin (Gurd, 1963) was studied first in relation to 
the x-ray crystallography results of Kendrew and coworkers 
(1960) and only secondarily by using simpler, model peptides. 
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Binding constants for physiological studies. 
The capr1ces of protein behaviour allowed by their high 
level of molecular organisation, and the structural demands 
made by most substrate ions or molecules before binding can 
occur, both play a part in ensuring the conditional nature of 
any binding constant used to describe equilibria between them. 
Intrinsic constants, referring to interactions at binding 
sites, and stability constants, describing equilibria between 
species, have both been used to express the extent of reaction 
between a protein and its substrate. It has been discussed 
that both these constants, when used to describe such reactions, 
are necessarily conditional, being dependent on the structure(s) 
of the binding site(s) and of the protein as a whole, which 1n 
turn reflect the experimental conditions under which the 
reactions were studied. The question arises as to which sort 
of binding constant, intrinsic or stability, suits best the 
purposes of those interested in physiological studies. 
Originally proteins were regarded a little more than 
collections of binding sites, so the theory of multiple binding 
of substrate ions, developed to describe protein-proton 
interactions, was applied to protein-substrate reactions. 
However, protein-substrate equilibria occurring in living 
tissues rarely involve multiple binding of substrate ions. 
More commonly proteins bind only a small number of substrate 
ions when in their natural environment. Human serum albumin, 
for example, can bind unconjugated bilirubin at three different 
binding sites (Jacobsen, 1969) of which the first has the 
greatest affinity. However, normal serum # contains 
#N ormal values taken from Faulkner, King & Damm (1968}. 
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- 3 - 5 0.7 x 10 moles/1. of albumin and only 2.5 x 10 moles/1. 
bilirubin. Under such circumstances only the first binding 
site could be considered to be of physiological consequence # . 
Serum albumin also binds copper(II) ions at 17 independent 
binding sites described by multiple binding studies (Klotz 
& Curme, 1948), of which the first site has the greatest 
binding constant (Kolthoff & Willeford, 1957). In normal 
serum there is a 700 fold excess of albumin molecules over 
complexable copper(II) ions, so it is unlikely that sites 
2 to 17 will be significantly involved in a physiological 
situation. 
The problem 1s one of definition. When studying the 
multiple binding of substrate ions to a protein, a 'site' 
is any point of contact between the two. To a physiologist 
a 'site' is an area of a protein molecule which functions 
to bind substrate. Descriptions of physiological 
consequence must therefore only refer to those sites that 
are significant in a metabolic sense. The conclusion is 
that the principles of multiple binding equilibria can only 
#B ilirubin in blood serum is 1n two forms. Unconjugated 
bilirubin is the immediate catabolite of hemoglobin. It ,s 
sparingly soluble in water and mostly bound to serum albumin. 
Even in disease states the concentration of unconjugated 
bilirubin never exceeds that of albumin. Conjugated bilirubin 
is the next metabolite in the degradative pathway. This 
product is water soluble and minimally bound to albumin. In 
jaundice, bilirubinemia, and in the newborn, it is this 
latter bilirubin which is found in excess in blood serum. 
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rarely he appl1ed in pnysiological studies. The original 
example lighted on by van Muralt (1930) when propounding these 
principles was the binding of oxygen to hemoglobin. This 
system had previously been studied by Adair (1925) whose 
analysis of the stepwise binding of four molecules of oxygen 
to hemoglobin allowed him to derive constants relating 
stoicheiometric species in the same way that successive 
stability constants of metal complexes are defined. Von Muralt 
(1930) on the other hand, discussed these interactions in terms 
of intrinsic constants for four identical binding sites, though 
the relationship between changes in the protein 1 s quaternary 
structure and the intrinsic constants was not understood at 
that time (Pauling, 1935; Koshland, Nemethy & Filmer, 1965; 
Monad, Wyman & Changeaux, 1965). 
The highly specialised binding of oxygen to hemoglobin is 
quite different from the more mundane binding of, say, metal 
ions to serum albumin, but Adair 1 s (1925) approach to protein-
substrate equilibria has been shown to be very general in 
application (Magar, Steiner & Fletcher, 1971). It extends to 
include analysis of systems in which changes in behaviour of 
binding sites (of an enzyme) are brought about by binding a 
modifier (Atkinson, Hathaway & Smith, 1965; Frieden, 1967); 
Scatchard 1 s (1949) equation has been shown to be a highly 
restricted version of Adair 1 s formulation (Magar, 1972). 
The analysis of the binding of metal ions to serum albumin 
treated later in this thesis will also produce equations which 
are extensions of those of Adair. The reason for this is 
simple. Although it is a pivotal generalisation of many other 
binding equations (Magar & Steiner, 1971), Adair 1 s treatment 
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of binding data refers only to equilibria between 
stoicheiometric species rather than interactions at binding 
sites. In this way mixed complexes such as Cu-albumin-amino 
acid (Lau & Sarkar, 1971) and bis complexes such as Hg-albumin 2 
(Hughes, 1947) are more readily described. In fact it is very 
confusing to try to describe the formation of these species 
in terms of intrinsic constants of binding sites. A more 
accurate description of the equilibria giving rise to such 
complexes can be achieved by deriving their individual 
stability constants, and the work in this thesis is aimed at 
devising a method to determine these. 
THE METHOD OF COMPETITIVE DIALYSIS. 
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Rattonale. 
The method of analysing metal-ion/protein interactions 
now given in detail, was devised to determine conditional 
stability constants of metal-protein complexes under 
conditions which could feasibly be extrapolated to those 1n 
living tissues. The examples worked on in order to demon-
strate the method are the binding of copper(II) and zinc(II) 
ions to bovine serum albumin. Previously, quantitative 
information about these interactions has been extracted from 
experiments 1n which the conditions were far from the natural 
environment of the protein. Most commonly metal salts in 
-3 -4 concentrations of 10 to 10 moles/1. were placed in 
contact with protein in concentrations about l .5 x 10- 4 
molesJl .(=1 % solution}. To maintain these concentrations of 
metal ions in solution the pH was reduced to between 4 and 6.5, 
and a range of supporting electrolytes were included giving 
a background ionic strength between O and 0.2. So as not 
to violate the stability of the protein in solution determin-
ations of the degree of binding were performed at 0°-4°, 
especially if the lengthy method of equilibrium dialysis 
was used. Under such conditions it was observed that between 
2 and 10 metal ions were bound to each molecule of protein 
in solution. 
Serum albumin is a protein which is very sensitive to 
its environment. Changes in the ionic strength, pH or 
temperature of its surrounding medium have extensive effects 
on the structure the protein adopts. These changes in turn 
are reflected in altered abilities of albumin to bind 
substrate ions. In fact it was altered binding affinities 
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for different substrates as conditions in experimental 
solutions were changed, that first indicated the existence of 
a conformational change in serum albumin between the N F 
isomerisation (Aoki & Foster, 1957) and associated protonation 
(Bro & Sturtevant, 1958) reactions # around pH 4, and the 
corresponding changes about pH 11. Beyond these pH values 
serum albumin reversibly, then irreversibly, denatures 
(Foster, 1960; Williams & Foster, 1960). Between these pH 
values serum albumin undergoes as yet undefined structural 
changes, and does not remain the "compact, sparingly hydrated, 
undeformable protein, not greatly different from a sphere" 
(Tanford & Buzzell, 1956) it was previously thought to be. 
The nature of the conformational changes which occur 1n 
serum albumin around neutral pH is currently undecided. 
Evidence for them, however, has been gathered from studies 
using a wide variety of techniques. Binding studies showed 
that the binding of methyl orange in the presence of 
l~heptanol was anomalous between pH 6.4 and 7.6 (Karush, 
1951; Klotz & Ayers, 1952). The binding of methyl orange 
and some of its cationic and neutral derivatives increased 
markedly when reaction mixtures were taken through pH 6.8 to 
pH 9.2 (Klotz & Ayers, 1953). Methyl orange, pK =3.5 
a 
(Perrin, 1965), binds to serum albumin at pH 6.9 giving the 
#Foster (1960) describes the N F transition as a partial 
unfolding of the protein molecule with subsequent proton-
ation occurring as a separate reaction. Tanford (1962) 
considers that the only difference between the N and F forms 
of albumin is 12 protons bound to the latter. The unfolding 
of the protein then follows. 
36 
v1s1ble spectrum of the dye in its unionised for m. However, 
as the pH is raised to 7.6 the spectrum changes giving 
increased absorption at longer wavelengths (Klotz, Burkhardt 
& Urquhart, 1952). The visible spectrum of the mixed complex 
anthracene-Hg(II)-albumin also changes through the same pH 
region (Williams & Foster, 1960a}. The recognition that 
tyrosine side chains were involved in dye binding (Klotz, 
Burkhardt & Urquhart, 1952) led to more direct observations 
of these ligating groups in intact albumin. Williams and 
Foster (1960a) found perturbations 1n the ultraviolet 
difference spectrum of albumin around 280nm (absorbance due 
to hydrogen bonding to tyrosine side chains) between pH 6.5 
and 9.0. Steiner and Edelhoch (1963) demonstrated marked 
quenching of the ultraviolet fluorescence spectrum of 
bovine albumin between pH 7 and 9. These studies further 
indicate changes in the environment of tyrosine (and 
tryptophan} residues in the protein 1n this pH region 
(Steiner et al., 1964). 
Tanford found that the pH titration curve of serum 
albumin was difficult to describe without invoking some 
conformational change in the molecule in regions of neutral 
pH (Tanford, 1962). Hydrogen/deuterium exchange studies 
(Benson & Halloway, 1962} also indicated some dra matic 
change in flexibility of the hydrogen-bonded "backbone" of 
serum albumin between pH 5.0 and 8.5, although further studies 
us1ng this same technique and also optical rotatory dispersion 
measurements (Benson, Halloway & Lumry, 1964) failed to 
show any changes in gross helix content of the molecule. 
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There seems little doubt that serum albu min undergoes 
some subtle conformational changes around neutral pH, and a 
theory of subunit structure has been published to account for 
such reversible and flexible behaviour (Foster & Aoki, 1957). 
Fractionation studies (Weber & Young, 1964; 1964a) showed 
albumin to be cleavable into four principal peptides so 
supporting this idea. In more general terms, however, the 
truth seems to be that serum albumin appears able to change 
its shape in response to its environment, even to the point 
where it is able to bind whatever substrates are available 
in its immediate vicinity. Such a hypothesis has been 
called the theory of configurational adaptability (Karush, 
1951}. 
In terms of the method currently under study, any 
experiments which are designed to provide data to indicate 
the natural avidity which serum albumin has for metal ions 
must be performed with albumin in its natural configuration. 
This demands that experimental conditions be created which 
mimic those found in blood serum. Some of these conditions 
are easy to meet. Blood serum maintains a pH of 7.40+0.03 
and has an equivalent ionic strength of 0.15. Man's 
body temperature is 37°. In addition, however, normal 
serum contains a large excess of albumin molecules over 
the number of copper(II} ions or zinc(II) ions available 
for complexing. For every copper(II) ion available there 
are approximately 700 albumin molecules; for every zinc(II) 
ion there are 20 albumin molecules. As a result it might 
be guessed that, unless there is some aspect of metal ion 
complexing by albumin which has not yet been detected, the 
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stoicheiometry of complexes formed under natural circu mstances 
will be no more than one metal ion per albumin molecule. 
Nearly all previous studies of the complexing of 
copper(II) ions and zinc(II) ions by serum albumin have 
encountered complexes in which considerably more than one 
metal ion is bound to each albumin molecule. The multiple 
binding of metal ions to albumin produces conformational 
changes 1n the molecule which would not be met under natural 
circumstances (Klots, Urquhart, Klotz & Ayers, 1955). As 
an alternative approach, it has been calculated that in a 
mixture of copper(II) ions, zinc(II) ions and seventeen amino 
acids, all in their normal serum concentrations, the amount 
of free (=uncomplexed) copper(II) ions at equilibrium 1s 
- l 2 ( ) 0.34 x 10 moles/l., and of free zinc II ions is 
- 6 ( ) 4.0 x 10 moles/1. Hallman, Perrin & Watt, 1971 . These 
figures may represent a more accurate reflection of the 
concentrations of free copper(II) and zinc(II) ions in 
the immediate environment of albumin in its natural surroundings. 
It is well established that albumin can compete very 
effectively against amino acids for complexable copper(II) 
and zinc(II) ions in serum (Giroux & Henkin, 1972a). Most 
of the complexable copper(II) ions 1n serum are bound to 
albumin (Bearn & Kunkel, 1954), while zinc(II) ions are 
strongly complexed by many proteins in serum (0kunewick et 
al., 1963), albumin accounting for about 40 % of the total. 
This means that in order to achieve binding data in which 
1
r
1
, the average number of metal ions bound to each molecule 
of protein in solution, is less than unity, then as a first 
approximation solutions of albumin must be treated with 
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solutions of metal ions which are no more than lo- 12 molar 
( ) . -6 with respect to copper II ions, or 10 molar with respect 
to zinc(II) ions. It is not sensible to suggest that a 
solution of a copper(II) salt could be prepared accurately 
. l h . . l -12 and estimated conven1ent y wen its concentration was 0 
moles/l. A solution containing this level of free copper(II) 
ions, however, can be prepared by adding a complexing agent 
to a solution of a copper(II) salt at a conveniently 
measureable concentration; in effect by preparing a metal 
ion buffer. 
The technique of competitive dialysis consists of 
performing equilibrium dialysis experiments in a metal ion 
buffer, competition for free metal ions then existing between 
the protein in the retentate solution and the complexing 
agent of the metal ion buffer's composition. In serum 
this is precisely the manner in which metal ions are presented 
to proteins. Copper(II) ions are presented to albumin in 
a metal ion buffer consisting of copper(II) ions at about 
10- 6 moles/1. concentration and larger amounts of amino 
acids. Zinc(II) ions are similarly presented, 1n a buffer 
containing about 10- 5 moles/1. zinc. Dialysis of solutions 
of serum albumin against such buffers for copper(II) and 
zinc(II) ions could be expected to reach equilibrium where 
there is on average less than one metal ion bound for 
every protein molecule in solution. Such a procedure is 
likely to result in the binding of metal ions to albumin 
under conditions which allow the protein to behave much as 
it would in serum. This is particularly so if the metal 
ion buffer used in the experi mental procedure uses an amino 
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acid as the co mplexing agent. The success of this en gineerin g 
will be shown later. 
This, then, is the objective of the method; to derive 
values for conditional stability constants of any complexes 
for med in solution between serum albumin, amino acids and 
a metal ion, when the average number of metal ions bound 
to each protein molecule is less than one. The conditional 
stability constants obtained will be governed otherwise by 
those conditions co mmon to the protein's natural environment, 
na mely, pH 7.40, ionic strength 0.15, 37° . 
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Theory. 
The method of compettttve dtalysis consists of performing 
equilibrium dialysis experiments in metal ion buffers. Protein 
molecules are placed in competition witn a complexing agent 
for metal ions in solution, and the amount of metal bound to 
the protein 1s estimated by observing the distribution of metal 
between the two solutions separated by a semipermeable membrane. 
The general experimental design follows the plan shown 1n 
figure 2. (page 42). 
Symbols_used. 
[P]t = total concentration of protein (in solution B). 
[P] = concentration of free protein (in solution B). 
[L]t = total concentration of competing complexing agent. 
[L] = concentration of complexing agent free 1n solution 1n 
its unprotonated form (for amino acids, 1n their 
monoanionic form). 
[M]p = concentration of metal bound to protein (in solution B). 
[M] = concentration of free (=uncomplexed) metal ions. 
[MxPyL 2 ] = concentration of a given metal-protein-ligand 
complexed species (in solution B) where x, y, and z are 
defined. 
KM PL = 11 overall 11 conditional stability constant of a defined X y Z 
[MJA = 
[M]B = 
MT ::; 
species MP L , derived from a written equilibrium X y Z 
equation. 
concentration of metal 1 n solution A 
concentration of metal 1 n solution B 
[M]A + [M_]B 
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Figure 2. 
General experimental design for studies of metal-ion/protein 
equilibria by competitive dialysis. 
Solution A 
Metal salt 
concentration= [M]A 
Competing complexing agent 
concentration= [L]t 
Supporting electrolyte 
/buffer 
Solution B 
Metal salt 
concentration= [MJ 8 
Competing complexing agent 
concentration= [L]t 
Protein 
concentration = [P] t 
Supporting electrolyte 
/buffer 
Lsemipermeable 
membrane 
43 
At equilibrium it is assumed that the concentration of free 
metal ions, of complexing agent in all its forms and of its 
metal complexes, is the same in solution A and solution B# , so 
the difference between [M]A and [MJ 8 is the amount of metal 
bound to the protein, [M]p , in solution B. 
Suppose the following metal-protein complexes are formed 
1n solution B: 
a binary complex between a metal ion and protein, MP; 
complexes with more than one metal ion, M2P etc.; 
mixed complexes of metal ion, protein and competing 
ligand, MPL etc. 
Then, 1n solution Bat equilibrium 
[M]p = [MP]+ 2[M 2PJ + ... + [MPL] + ... etc 
Defining constants 
KMP = [MP]/[M][P] 
KM p = [M 2PJ/[MJ
2[P] 
2 
KMPL = [MPL]/[M][P][L] ... etc. 
and substituting these into equation (1) gives 
( 1 ) 
Similarly an equation for the concentration of total protein, 
[P]t = [P] +[MP]+ [M 2PJ + ... + [MPL] + ... 
and substituting for complexed species gives 
[P]t = [P](l + KMP[M] + KM p[MJ 2 + ... + KMPL[M][L] + ... ) (3) 
2 
From equation (2) an expression for [P] is obtained and 
#For a discussion of the magnitude of the Donnan effect in 
the experiments performed using this system, see page 119. 
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substituted into (3}, 
2 
= [M]p(l + KMP[M] + KM2P[M] + ... + KMPL[M][LJ + ... ) ( 4) 
2 (KMP[M] + 2KM p[M] + ... + KMPL[M][L] + ... ) 
2 
This equation is the same as that general equation derived by 
Adair (1925) but extended to include complexes of more than two 
components such as the mixed complex MPL . As in Adair 1 s 
equation the constants K are observed, or practical, 
MxPylz 
binding constants, not intrinsic constants that are usually 
applied to protein-substrate interactions. 
Cross multiplying equation (4) and collecting like terms 
g 1 ve s , 
KMP[M]([P]t-[M]p} + KM p[MJ 2(2[P]t-[M] ) + 
2 p 
... + KMPL[M][L]([P]t-[M]p) + •.. = 
or 1n general 
L[M]x[L]z(x[P]t - [M]p)KM p L = [M]p 
X y Z 
( 5 ) 
Equation (5) refers to solution B of a dialysis experiment 
at equilibrium. Of all the terms in the expression only the 
conditional stability constants KM p L are unknown. [P]t 1s 
X y Z 
set at the start of the experiment and [M]p is observed at the 
end as the difference between [M]A and [M] 8 . The values for 
[M] and [L] can be calculated knowing the composition of 
solution A at equilibrium, in terms of the total metal present, 
[M]A , and the total concentration of complexing agent, [L]t . 
From this information and the published stability constants 
of any metal complexes formed between the two, it is possible 
to calculate the composition of solution A in terms of its 
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component complexes and the free concentrations of metal ions 
and ligand, [M] and [L] . Any one of several computer programs 
will perform this calculation (for example see Perrin & Sayce, 
1967; Ingri & Sillen, 1965} # . At equilibrium these values of 
[M] and [LJ apply to solution Bas well as to sol~ion A, so 
this leaves the constants KM p L as the only unknowns in 
X y Z 
equation (5). 
Equation (5) can also be written in terms more usual to 
protein-substrate equilibria in the following way: by definition 
1
r
1 is the average number of metal ions bound to each protein 
molecule in solution, or 
Substituting for 1 r 1 1n equation (5) gives 
L[M]x[L]z(x - r)KM p L = 
X y Z 
r ( 6) 
The specific applications of equation (5) or (6) in this thesis 
are to those situations where r<l . In the parlance of studies 
of multiple binding equilibria 11 only one binding site is 
considered 11 (but see later, page 64 ) . This condition is most 
relevant to the binding of copper(II) ions and zinc ions to 
serum albumin under natural circumstances. Equation (5) 
becomes, 
L[M][L]z([P]t 
since x=l . 
= 
#T he program used 1n these studies was a miniaturised version 
of COMICS (Perrin & Sayce, 1968). It is included as part of the 
program written to analyse experi mental results, given in the 
appendix at the end of this thesis. 
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Divtdtng by [MJ([PJt - [MJP} 
Now dividing the numerator and denominator of the right hand 
side of equation (7) by [P]t g1ves 
r) 
An assumption usually made when discussing multiple binding 
equilibria is that z=O (i.e. no mixed complexes are formed) 
and since only one binding site is involved equation (8) 
simplifies to 
= r/[M](l - r) 
where KMP is the conditional stability constant for the now 
only possible complexed species, MP . 
(7) 
( 8) 
( 9) 
Equation (9) is very similar to that equation usually 
quoted for analyses of protein-substrate interactions, derived 
from the concepts of multiple binding equilibria. This latter 
equation takes the form (derived from Scatchard (1949)) 
K.[S] = r/(n - r) 
l 
where [SJ 1s the concentration of free substrate, n 1s the 
( l O) 
number of binding sites on each protein molecule, and K. is the 
l 
intrinsic binding constant representing these binding sites. 
The assumptions leading to equation (10) stipulate that the 
binding sites are totally independent of each other, so that 
a protein molecule supporting 1 n 1 binding sites can be 
considered the same as 'n' protein molecules each supporting 
one binding site. Where n=l , the right hand side of equation 
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(10) (after transposing ISJl 1s the same as the right hand side 
of equation (9J, wh1ch leads to the slightly altered 
interpretation of the constant K1 which now becomes the 
association constant describing the formation of the complexed 
species SP (see Simms, 1926; von Muralt, 1930). Equation (6), 
from which equation (9) was derived, is therefore a general 
form of the more usual 1 Scatchard 1 equation, relieved of the 
restriction of regarding all binding sites as equivalent and 
independent of each other (or of dividing them into classes), 
and extended to include mixed complex formation. It can be 
seen that the left hand side of equation (8), which corresponds 
to Ki in equation (10), is not a constant and is not solely 
dependent upon the concentration of free metal ions, [MJ . It 
also depends on the value of [L]. An "apparent constant", 
however, can be defined 
= r/[M](l - r) 
K can be considered a measure of the gross affinity of the app 
protein P for the metal ions M, without regard to the complexed 
species formed. It is not necessarily a constant, but it is 
a most useful function in describing the complexing of metal 
ions by protein. Its behaviour as the experimental parameters 
are varied allows an investigator to establish which are at 
least the most important complexed species formed in solution 
between the metal ions and the protein. Four examples will 
now be considered. 
~~~~e!~_!: The metal ions and the protein form only the binary 
complex MP . This is the simplest case possible. Equation 
(5} reduces to 
--
= 
Dividing throughout by [M]((P]t - [MJP} gives the si mple 
relationship 
= K 
app 
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In this case the apparent constant K has a constant value 
app 
and does not vary wit·h changes in concentration of protein, 
free competing ligand or free metal ion. It equals the 
conditional stability constant for the species MP determined 
under the experimental conditions. 
~~~~el~-~: A mixed complex is formed in addition to MP. 
Evidence has been presented (Sarkar & Wigfield, 1968) that 
mixed complexes may be formed when copper(II) ions complex 
with serum albumin in the presence of amino acids. Where such 
complexes are formed equation (5) becomes 
= 
Dividing throughout by [MJ([P]t - [M]p) gives the relationship 
= 
This is a linear equation, Kapp now varying with the 
concentration of free competing ligand in solution. A plot 
of this equation has a slope of KMPL and an intercept of KMP 
and so the two constants can be evaluated from such a graph. 
No dependence of K on protein concentrati on or the app 
concentration of free metal ions in solution is indicated. 
~~~~el~-~: The protein binds more than one me tal ion so that 
M2P is formed in solution in addition to MP . Such an 
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instance is frequently called 11 cooperative binding 11 • If both 
MP and M2P are formed in solution, equation (5) becomes 
Dividing by [M]([P]t - [M]p) gives 
(2[P]t -
KMP + K p[M] 
M2 ([P] -t 
[ M J ) p 
= 
= 
K 
app ( l l ) 
Employing the relationship r = [M]p/[P]t , then dividing the 
numerator and denominator of equation (11) by [P]t gives 
+ K [M](2 - r) 
MzP (1 - r) 
= K 
app 
Experimentally, this case would be distinguishable from the 
others by a dependence of K on the concentration of free app 
( l 2 ) 
metal ions in solution. There 1s also a dependence of Kapp on 
r . From the second term on the left hand side of equation (12) 
it can be seen that the greater the value of r then the greater 
the value of Kapp . 
equation is obtained. 
Like the previous example, a linear 
A plot of K against [M](2-r)/(l-r) app 
gives a straight line of slope KM P and intercept KMP . No 
2 
dependence of K on the concentration of free ligand or app 
protein is indicated. 
~~~~el~_~: Complexes involving more than one protein molecule 
are formed in solution. It is known that mercury(II) ions 
form a bis-protein complex with serum albumin (Hughes, 1947) 
so the possibility of complexes such as MP 2 being formed in 
solution with MP must also be considered. A more general 
form of equation (5) to cater for such complexes is 
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L[M]x[P](y-l}[L]z(x[P]t - y[M]p)KM p L 
X y Z 
;:: ( 1 3} 
which can be derived by including such species as MP , where 
X y 
y>x , in equations (1) to (5) on page 43 . Applying equation 
(13) to the example 1n hand, 
= 
Dividing this equation by [M]([P]t - [M]p), 
+ = 
Employing the relationship r = [M]p/[P]t , and dividing the 
numerator and denominator in equation (14) by [P]t reduces 
it to 
+ K [P](l - 2r) 
MP2 (1 - r) = K app 
In this example K is a function which is dependent on the app 
( 1 4) 
( 1 5 ) 
concentration of free protein in solution. Experimentally this 
would be observed as a variation of Kapp with total protein 
concentration in a series of experiments, since the concentration 
of free protein cannot usually be measured. Equally indicative 
of bis- or polymeric species in solution is the dependence of 
K on r . It can be seen from the second term on the left app 
hand side of equation (15) that the greater the value of r 
then the smaller the value of Kapp . This can be contrasted 
with the previous example where rand Kapp varied directly 
with each other (see equation ( 11)). 
The four examples just described can be considered 
extreme cases of what can be expected when metal ions are 
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complexed by a protein 1n the presence of a competing ligand 
such as an amino acid. and r is maintained less than 1. In 
practice there is no reason to suppose that some 'mixing' 
of these examples will not occur and that solutions may be 
encountered in which the complexes, say, MP, MPL and M2P 
are formed. The four principal examples can be separated 
readily by observing the behaviour of K as the 
app 
experimental parameters are changed. Table 1 summarises 
the predicted dependence of Kapp on protein concentration, 
free metal concentration, concentration of competing ligand 
and r in the examples so far considered. It can be seen 
that the four examples are sufficiently separated that 
overlap between them might easily be detected. This assumes 
that all complexes formed between the protein and metal 
ions are in significant concentrations, and how great these 
concentrations have to be will be discussed later. 
Table 1 
Dependence of K on 
app 
Species formed 
~ ~] [P]t r 
MP 
- - - -
MP + MPL 
- + - -
MP+ M2P + - - increases 
MP+ MP 2 - - + decreases 
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Technique. 
The technique of competitive dialysis 1s essentially the 
same as that of equilibrium dialysis. Two solutions, one of 
which contains protein, are separated by a semipermeable 
me mbrane which allows the passage of substrate and other small 
ions between them. As the substrate is bound to the protein a 
difference in its gro~s concentration arises between the two 
solutions. At equilibrium this difference in concentrations of 
substrate is the amount bound by the protein; the free 
concentration with which it is in equilibrium is that 
concentration in the dialysate solution. The difference between 
competitive dialysis and equilibrium dialysis lies in the 
buffering of the substrate, metal ions, to low concentrations 
by including in the solutions an alternative complexing agent 
whose binding characteristics are known. This complexing agent 
acts as a competitor for metal ions against the protein. 
Practically, dialyses were carried out 1n an apparatus 
made according to a brief description given by Sarkar and 
Wigfield (1968). Figure 3 shows this apparatus. Six wells of 
approximately 40 ml capacity were drilled into a block of 
perspex. The block was then cut longitudinally so that each 
well was divided into two half-wells of equal capacity. In 
operation each half-well was separated from its counterpart by 
a sheet of se mipermeable membrane. Gaskets were cut from 
sealing fil m ( 'Parafilm') to prevent leakage of solutions 
between wells, and the apparatus was clamped together by 
tightening the clamping screws. A lid to cover the open mouths 
of the wells was held in place with elastic bands. Solutions 
were introduced into the wells through s mall holes in the lid 
Figure 3 
membrane 
The dialysis block 
(P 
e 
U> _,.L ' c 1 a m p i n g s c re w s 
u, 
w 
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whtch were then sealed wtth more seali~g film so secur1ng the 
wells against dust and evaporation loss. 
Each experiment requ1res the use of all s1x wells. 
Solutions were prepared for injection into each half-well 
according to the following general formulations: 
~2!~!!~~~-~ (containi~g no protein); six solutions were prepared 
containing competing ligand in a fixed concentration, [L]t , 
and metal ions in concentrations [M]Al to [M]A 6 . 
Solutions_B (containing protein); six solutions were prepared 
containing competing ligand in fixed concentration [L]t , 
metal ions 1n concentrations [MJ 81 to [MJ 86 , and protein 1n 
concentration [P]t . 
All solutions were made up 1n previously prepared solution of 
supporting electrolyte (potassium nitrate) 0.10 moles/1 ., and 
N-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid (= HEPES) 
buffer 0.05 moles/1 ., buffered to pH 7.400 at 37°. The 
concentrations of metal ions used 1n the solutions were matched 
so that 
= = = etc. 
In other words, each well of the dialysis block contained the 
same amount of metal salt as its neighbours, but it was 
distributed differently between the two solutions A and B 
separated by the semipermeable membrane. 
The purpose of this initial distribution of metal ions 
between the two solutions was to ascertain as closely as possible 
that distribution at which equilibrium occurs. This is shown 
diagramatically in figure 4 . If, say, in well 1 all the metal 
ions were placed in solution Al (containing no protein) and 
Figure 4 
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[MJ 81 =o l then when these two solutions are placed tn contact 
with each other through the semipermeable membrane, metal ions 
will diffuse from solution Al into solution Bl . If this 
situation 1s reversed in well 6 , and all the metal ions are 
placed in solution B6 (containing protein) and [MJA 6=o , then 
when these two solutions are placed in contact with each other 
through the semipermeable membrane, metal ions will pass 
from solution B6 into solution A6 . Somewhere between these 
two extremes the distribution of metal ions is such that when 
the two solutions are placed in contact with one another there 
will be no net movement of metal ions between them. This is 
the point of equilibrium and wells 2 to 5 are closer 
approximations to this situation. 
The_determination_of_the_eguilibrium_distribution_of_metal_ions. 
The movement of metal ions through a semipermeable 
membrane is a slow process and if two solutions are left ,n 
contact with each other the equilibrium distribution of these 
1onsmay not eventuate for many days. The usual procedure of 
equilibrium dialysis relies on actually reaching the equilibrium 
situation before determining the distribution of metal ions 
between the two solutions. Even if exceptional care is taken 
the stability of protein solutions cannot be guaranteed over 
several days, especially if determinations are performed at 
37°. Short dialysis times are therefore preferable. 
Unfortunately, short dialysis times do not allow equilibrium 
to be reached, so a means of extrapolating the observed 
movement of metal ions to their equilibrium distribution has 
been devised. 
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The governlng factor in the rate at whtch equilibrium is 
established is the rate at which metal ions diffuse through 
the membrane. Thfs is a function of the difference 1n 
concentration of diffusible metal present in the solutions 
separated by the membrane. Fick 1 s law of diffusion (1855) 
describes this relationship 1n its simplest form. 
dN/dt = k.A.dC/dl 
where dN/dt 1s the rate of diffusion of metal ions, k is a 
constant, A 1s the area of membrane exposed to the solutions 
and dC/dl is the difference in concentration of diffusible 
metal between the two solutions. From this equation it is 
possible to calculate the difference in concentration of metal 
ions between the two solutions A and B by measuring the rate 
at which metal ions pass through the membrane. In practice 
this figure 1s not calculated but merely compared from well to 
well in the dialysis apparatus, through measuring the net 
amount of metal passing through the membrane in a short time 
(between 4 and 8 hours). Since all the wells in the apparatus 
are identical in their physical description, and have the same 
membrane separating the two solutions each contains, direct 
comparison between them can be made. The amount of metal 
passing through the membrane in a given well, ~[M]. , is a 
J 
measure of the difference in concentration of diffusible metal 
between solutions Aj and Bj . A measure of the amount of 
diffusible metal initially present in each solution is the 
initial total concentration of metal salt each contained, 
[M]Aj and [MJ 8 j . ~[M] j can be plotted against [M]Aj and [MJ 8 j 
over the six wells of an experiment to give two straight lines 
as shown in figure 5 . In effect these plots are graphs of the 
rate of diffusion of metal ions against the amount of diffusible 
Figure 5 
l 
Theoretical diagram of the graphical analysis of a competitive dialysis experiment 
[M]init 
Solutions 
[~JP 6 
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u, 
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metal 1n each solution. fro m Fick 1 s law such plots are linear. 
A point of convention should be noted from the graph in 
figure 5 . The convention is adopted that net movement of 
metal ions from solutions A (containing no protein} into 
solutions B (containing protein) has a positive value. ~[M]j 
is negative when there is a net movement of metal ions from 
solutions B into solutions A . This is an arbitrary convention 
and may be reversed without affecting subsequent calculations, 
but it is necessary to distinguish between the opposite 
directions of diffusion of metal ions between the two solutions. 
The points of most interest in the graph 1n figure 5 are 
the intercepts of the two lines where ~[M] .=O . At zero net 
J 
diffusion of metal ions it is assumed that there 1s no 
difference in the concentrations of diffusible metal 1n the 
two solutions, and they are in equilibrium with each other. 
The intercepts [M]A and [M] 8 are therefore the concentrations 
of metal present 1n solutions A and B which would produce this 
situation. [M]A and [M] 8 are the concentrations of metal 1n 
solutions A and B when they are in equilibrium. 
If this extrapolation is valid then there is no longer any 
need to dialyse solutions against one another until equilibrium 
is reached. Short dialysis times are possible. Some 
confirmation of the validity of this extrapolation was found 
in the observation that in replicate experi ments the intercepts 
[M]A and [MJ 8 did not vary with the length of dialysis time 
allowed. Figure 6 shows the results of four experi ments 
investigating the system zinc(II) ions/albu min/histidine, 1n 
Figure 6 Graphical analysis of experiments shown in table 2 
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which only the length of dialysis ttme was cha0ged. The four 
replicate experiments were performed on different days and the 
solutions were dialysed for 3½ to 8 hours (see table 2). 
Obviously, longer dialysis times allow a greater net movement of 
metal ions across the membrane, so giving a lesser slope to the 
plotted lines. However, the intercepts [M]A and [M] 8 do not 
vary significantly during these times. 
Table 2 
Protein Histidine [M]A [M]B r Kapp Dialysis concn. concn. time 
(xlo- 4 ) (xl0- 3) (xl0- 4 ) (xl0- 4) (xl0 8 ) (hours) 
0.701 2.50 0.622 0.993 0.530 0.425 3½ 
0.702 2.50 0.621 0.993 0. 5 31 0.425 5 
0.701 2.50 0.621 0.992 0.530 0.423 6½ 
0.701 2.50 0.621 0.994 0. 5 31 0.426 8 
The time limits within which the solutions may be sampled 
are governed by other considerations. Dialysis times of 
greater than 9 hours at 37° resulted 1n denaturation of the 
protein and its visible flocculation 1n solution. Dialysis 
times of less than 3 hours were found to give erratic results 
owing to failure of the apparatus and its contents to achieve 
thermal equilibrium (approximately three-quarters of an hour 
were required for this) and insufficient net movement of metal 
ions across the membrane to give satisfactorily reproducible 
values of 6 [M] .. In practice, dialysis times of between 4 and J 
8 hours were used, most experiments involving a dialysis ti me 
of 5 to 6 hours. 
6 2 
General techniaue. 
--------------~--
It might be guessed that the 'hinge' to the accuracy of 
the method of determining the equilibrium distribution of metal 
ions just described is the accuracy with which the concentration 
of metal could be measured in the sampled solutions at the end 
of each experiment. In practice these estimations presented 
no difficulty. However, the conditions for greatest accuracy 
1n an experiment are obtained when solutions A and B differ 
widely in their metal content at equilibrium without rendering 
solution A so depleted in metal that its concentration can be 
measured only with significant error. To meet both these 
conditions, the ideal distribution of metal between the two 
solutions at equilibrium was found to be where approximately 
one third of the total metal in a well was bound to the protein 
and the remaining two thirds was distributed evenly through 
the two solutions. All errors in estimation might then be 
expected to have minimal influence on the final result. 
It is important also that the point of equilibrium be 
approached from both extremities of metal ion concentration, 
so that both positive and negative values of ~[M]j are obtained 
1n a single experiment. This is not only necessary to confirm 
that the experiment is in fact dealing with a reversible 
equilibrium, but also to give confidence to the extrapolation 
to the equilibrium position, where ~[M] .=O . Should it not 
J 
be possible to achieve this situation in one experi ment then 
the relative concentrations of protein and co mpeting ligand 
must be changed, or elso another competitor for the metal ions 
found. Such a situation occurred in the system zinc(II) ions/ 
albumin/glycine which is described later (see page 85 et seq.). 
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The limits within which [L]t was varied 1n the experiments 
performed were 
25.[P]t < [L]t < 250.[P]t 
Given that 1n most experiments the total amount of metal ions 
present in solution approximated the total amount of protein, 
i . e . 
then increasing the concentration of competing ligand beyond 
250 times the total concentration of metal ions has very little 
effect on the concentration of free metal ions available, so 
reducing the value of this latter parameter as an experimental 
variable. Also it is assumed in calculating results from 
experimental data that [L]t represents the total concentration 
of competing ligand available for complexing metal ions 1n 
competition with, and not in concert with, the protein. The 
lower limit of [L]t used can therefore be expected to be in 
error by 2% if maximum mixed complex formation occurs between 
protein, metal ions and competing ligand. 
If it is not possible to obtain a satisfactory equilibrium 
position within these limits of concentration of competing 
ligand, then another competitor has to be found. Any alternative 
competitor must be stable in solution for the duration of an 
experiment, and must not bind to the protein other than through 
mixed complex formation with a metal ion. The theory developed 
earlier (see page 41 et seq.) does not include this eventuality. 
--.... 
·- · 
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-
·- · 
64 
The binding of copper(!!) and zinc(II) ions to serum albumin. 
The specific applications of the method of competitive 
dialysis now considered are the study of the binding of 
copper(II) ions and zinc(II) ions to bovine serum albumin 1n 
the presence of glycine and histidine. Neither of these 
systems has been described before in terms of the complexes 
formed in solutions at 37°, pH 7.40 and ionic strength 0.15, 
under conditions which limit the amount of metal available 
for complexing to the protein so that, on average, less than 
one metal ion binds to each molecule of albumin. 
Earlier studies of interactions between these metal ions 
and serum albumin almost exclusively investigated their 
multiple binding to the protein. Results were expressed as 
numbers of binding sites supported by the protein and the 
intrinsic binding constant which represented them. The 
inadequacies of this type of treatment in describing 
interactions between metal ions and proteins as they occur 
under physiological conditions has already been discussed 
(see page 21 et seq.). Historically, however, these earlier 
studies drew their significance and impetus from schemes of 
plasma fractionation which used metal ions to induce the 
selective precipitation of proteins from plasma mixtures 
(Cohn, Gurd et al., 1950). 
Interactions between zinc(II} ions and serum albumin. 
-------------------------------~--------------------
Some of the results obtained using the multiple binding 
approach are given in the following table. The variation 
shown by these published results probably reflects the 
variation in experimental conditions used by different 
65 pH i On i C stren gth temp. No .of 1 o g K. reference 
sites 1 
6 0.15(NaN0 3} 00 1 6 2.8 Gurd & Goodman (1952) 
6.0 0.15(KC1) 25° 1 7 2.9 Tan ford (1952) 
6 . 1 0.05(acetate) 26° 8 3 . 1 Saroff & Mark 
(1953) 
8.5 0.1(?) ? 50-58 3.0 Kacena (1954) . 
6.5 0.2(acetate) 30 o 2 3.87 Rao & Lal 
(1958) 
5.7 0. 15-0.28 22-25° 1 7 2.54 Waldmann-Meyer (acetate) (1960) 
4.0-8.5 0.15(NaC1) ? . 6 ? Perkins (1961) 
authors. Changing the experimental conditions in reacting 
solutions results 1n changes in the conformation adopted by 
serum albumin, so it is possible that each author investigated 
a 
11 different 11 albumin molecule. Directly conflicting results 
have been reported. Perkins (1961) found that esterification 
of the carboxyl groups of albumin reduced the binding of 
zinc(II) ions to insignificant levels; Rao and Lal (1958a), 
working at a lower pH, found the same treatment had only 
marginal effects on zinc binding by the protein. 
Three more recent publications have reported conditional 
stability constants for the binary complex Zn-albumin under 
conditions closer to the protein's natural environment. 
bsterberg (1971) was able to derive log KZn-alb=9.6 by 
computer analysis of results from multiple binding experiments. 
His experimental conditions were pH 6.78, ionic strength 
0.5(NaCl0 4 ), 25°. When studying the specific binding of 
zinc(II) ions to serum albumin at molar ratios of less than 
one zinc ion per molecule of albu min, Giroux and Henkin 
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(1972) derived log KZn-alb=6.98 at pH 7.40, ionic strength 
0. 15(NaCl), 23°, using a gel chromatography technique. 
Parallel equilibrium dialysis studies (Giroux & Henkin, 
1972a) gave log KZn-alb= 6.1 - 6.3 . Unfortunately the 
mathematical analysis of these authors did not include the 
possibility that species other than the binary complex 
Zn-albumin were formed in their experimental solutions. 
These most recent figures, however, are more applicable to 
the interactions which occur between zinc(II) ions and 
serum albumin under natural conditions, and so bear directly 
on the current investigation. 
!~!~~~~!i~~~-~~!~~~~-~~ee~r1!!l_i~~~-~~9-~~r~~-~l~~~i~· 
More qualitative information is available about the 
interactions between copper(II) ions and serum albumin than 
about the corresponding reactions with zinc(II} ions. 
Quantitative data is, however, scarce. Early investigators 
began with multiple binding studies and produced results 
to show the existence of 16 binding sites on albumin which 
could be represented by an intrinsic binding constant of 
log K.=3.70 (Klotz & Curme, 1948). Experimental conditions 1 
involved pH 4.0-5.0, ionic strength 0.l(acetate), 25°. 
However, it was later shown that one binding site was more 
avid for copper(II) ions than the rest (Kolthoff & Willeford 
1957). This site was identified as the N-terminal peptide 
of albumin (Peters & Blumenstock, 1967}. 
Quantitative studies have derived a conditional stability 
constant for the reaction 
Cu 2+ + albumin '> Cu-albumin 
' 
---
67 
of log KCu-alb=l6.2 at pH 7.53, ionic strength 0.16 
(N-ethyl morpholine}, 6° (Lau & Sarkar, 1971}. Mixed 
complexes with amino acids were detected in reaction solutions 
and the formation of a mixed complex with histidine 
Cu-albumin + histidine ' albumin-Cu-histidine 
' 
was represented by log K=3.36 at pH 7.4 (Sarkar & Wigfield, 
1968). Giroux and Henkin (1972a} found that the binding 
curves they obtained by dialysing mixtures of copper(II) 
salts and serum albumin against amino acids at pH 7.40 could 
be reproduced assuming that log Kcu-alb=9.l . They ignored, 
however, the possibility of the formation of any other 
complexes of copper(II) and serum albumin (and amino acids) 
1n their analysis. No other constants have been published 
to date which could represent the binding of copper(II) 
ions to serum albumin under natural conditions. 
---
68 
Experi mental. 
Qi~lt~!~-~Ee~r~!~~- After each experiment the dialysis 
block (see figure 3 page 53) was dismantled, washed in warm 
detergent solution and rinsed well in tap water. It was 
copiously rinsed in glass distilled water, cleaned further 
with 95 % ethanol, and again rinsed in distilled water. It 
was allowed to dry in air after a final sluicing with 
absolute alcohol. This procedure resulted in very little 
chemical contamination and left the apparatus sufficiently 
free of microorganisms for the next experiment. 
Membrane. Cellulose membrane ('Visking') was cut to the 
required size and boiled in distilled water for 30 minutes. 
It was washed twice in cold distilled water and soaked in 
disodium ethylenediaminetetraacetate solution (0.05 moles/1 .) 
for 24 hours. It was then washed with repeated changes of 
distilled water for three days before use. It was stored 
in distilled water in a covered container until required. 
Membrane treated in this way was sufficiently sterile for 
use in experiments and no advantage was gained by 
autoclaving it. 
Glassware. 
-~-----~-
All glassware was soaked in hydrochloric acid 
(approximately 6 moles/1 .) for at least 6 hours, rinsed 
four times in glass distilled water and then dried in a 
warm oven. 
Chemicals. Amino acids. 
-~-~-~-~-~-~~~-~-~-----
Glycine free base and histidine 
monohydrochloride were purchased as analytical grade 
reagents ('Sigma' Chemicals) and were not purified further 
-
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They were stored 1n a desiccator over phosphorus pentoxide 
until required. Solutions of these amino acids of the 
required concentration were prepared in potassium nitrate/ 
buffer (ionic strength 0.15) freshly for each experiment. 
Albumin. Bovine serum albumin ( 'Sigma' Chemicals), batch 
lots number 79B-0290, 23C-8150, 43C-8120 and 52C-8090, 
was used as purchased. It was stored desiccated at 4° 
over phosphorus pentoxide until required. No attempt was 
made to remove contaminating fatty acids or to otherwise 
purify i t further (see page 11 8 for discussion of impurities 
present). Solutions of albumin we re prepared 1 n potassium 
nitrate/buffer solution (ionic strength 0 . 1 5) and their 
pH was adjusted to 7.40 at 37° by addition of potassium 
hydroxide solution (O. 15 moles/1 .). Fresh solutions were 
prepared for each experiment. The molecular weight of 
this albumin was taken to be 69,200 in calculations of 
molar concentrations (see page 119). 
~~PE~r!i~9-~l~s!r2lt!~L~~ff~r- Potassium nitrate ( 1 BDH 1 
analytical grade reagent) was recrystallised from hot water 
and dried at 100° . 'Good' buffers (Good et al., 1966), 
either N-morpholinopropane sulphonic acid ('MOPS'), or 
N-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid 
('HEPES') were used as supplied (Calbiochem). Solutions of 
potassium nitrate, 0. 10 moles/1., and buffer, 0.05 moles/1., 
were prepared in distilled water and adjusted to pH 7.400 
at 37° with potassium hydroxide solution (0.15 moles/1.). 
~~!~l-~~l!~· A stock solution of cupric nitrate ( 1 BDH 1 
1 - 3 ana ytical grade reagent), approximately 5 x 10 moles/l., 
was prepared in potassium nitrate solution (0.15 moles/l .) . 
..... 
,._. 
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The concentration of copper in this solution was estimated 
complexometrically by tttration against standard disodium 
ethylenediaminetetraacetate (Vogel, 1961). Dilutions of this 
stock solution were prepared in potassium nitrate solution 
(0. 15 moles/1 .) as required. Zinc oxide ('BDH' analytical 
grade reagent) was dissolved in minimal dilute nitric acid, 
f i 1 t e r e d , a n d t h e r e s .u 1 t i n g s o 1 u t i o n w a s d i 1 u t e d w i t h p o t a s s i u m 
nitrate solution (0. 15 moles/1 .) to give a solution of zinc 
ions approximately 5 x 10- 3 moles/1. The exact concentration 
of zinc in this stock solution was estimated complexometrically 
by titration against standard disodium ethylenediamintetra-
acetate solution (Vogel, 1961), and dilutions of this solution 
with further potassium nitrate solution (0.15 moles/1.) were 
made as required. 
Standard buffers. Standard buffers were prepared from analytical 
grade potassium phthalate ('BDH') and sodium tetraborate ( 'BDH') 
according to the formulations given by Alner, Greczek and 
Smeeth (1967). Phthalate buffer, 0.04958 moles/1., has a pH 
of 4.0280 at 37°; borax buffer, 0.04910 moles/1, has a pH of 
9.0780 at 37°. 
Reacting_solutions. Reacting solutions Al-A6 and B1-B6 (see 
page 54) were prepared by combining required volumes of stock 
solutions of albumin, amino acid and metal salt. Final 
volumes were adjusted to 10 ml in volumetric flasks by addition 
of supportingelectrolyte/buffer solution. These solutions were 
introduced into their appropriate wells of the assembled 
dialysis apparatus through a micropore filter to exclude 
( -6 ' ) microorganisms 'Gelman' filter, 2 x 10 mm pore s1ze .. Each 
flask was rinsed with a further 5 ml of supporting electrolyte/ 
---
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buffer solutton and this too was added to the solutions 1n the 
dialysis wells. The final volume of reacting solutions was 
therefore 15 ml on each side of the membrane in each well. 
~~~~!!~~~- After introducing the reacting solutions into the 
dialysis apparatus, dialysis was allowed to proceed at 37° in 
a constant temperature room for 4-8 hours. After this time each 
solution was sampled _ for estimation of its metal concentration. 
The pH of the solutions was measured at 37° at the end of 
each experiment and only those experiments where this final 
measurement fell 1n the range pH 7.38-7.42 were analysed 
further. If the pH was outside this range the experiment was 
discarded. 
Estimation_of_metal_concentrations. __ Coeeer. The concentrations 
of copper in the sampled solutions from a dialysis experiment 
were determined by atomic absorption spectrophotometry. 
Concentrations used in experiments were in the range 10- 4 to 
10- 5 molestl., and no problems were encountered provided that 
the solutions were analysed soon after the end of the 
experiment . Asp i rat i on of 11 s ta 1 e II so 1 u ti on s gave err at i c 
results. A slight depressing of the flame during analysis of 
solutions containing protein was compensated for by comparing 
their readings with standards prepared in protein solutions. 
Zinc. Unstable and erratic results were obtained when attempts 
were made to estimate the concentrations of zinc in reacting 
solutions by atomic absorption spectrophotometry. Instead 
65
zn (obtained from the 'Radiochemical Centre•, Amersham, 
U.K.) was added to the stock solution of zinc nitrate, and the 
activity of the isotope determined by y-scintillation was 
used to calculate the concentrations of zinc in sampled 
--
r- -
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solutions. Solutions of accurately known speciftc activity 
served as standards. No problems were encountered. 
Calculation of results. The calculation of the results from 
----------------------
a given experiment proceeds by plotting the graph of the amount 
of metal ions diffusing between two solutions ,n a well, 6 [M] ., 
J 
against the amount of metal initially present 1n each solution, 
[M]Aj and [M]Bj 
as described on 
, and extrapolating these plots to Li[M] .=O 
J 
page 56 et seq .. The intercepts where 6[M] .=O 
J 
give the equilibrium distribution of metal between the two 
solutions, [M]A and [MJ 8 . Initially these graphs were drawn 
for all experiments, but this process was later super&eded by 
direct computation of the two regression lines representing 
the experimental readings and calculation of the intercepts 
[M]A and [MJ 8 . The difference between [M]A and [MJ 8 gives 
[M]p , the amount of metal bound to the protein at equilibrium. 
The concentrations of free metal ions, [M] , and free amino 
acid, [L] , were calculated from the composition of solution A 
(containing no protein) at equilibrium. The total concentration 
of amino acid, [L]t , is known and so is the amount of metal 
present, [M]A . An iterative procedure based on the logic of 
the computer program 1 COMICS 1 (Perrin & Sayce, 1968), 
manipulates this information, and the pK s and stability 
a 
constants of metal complexes of the amino acid, and gives the 
required concentrations of free metal ions and free amino acid 
anions in solution. All values are now known that are needed 
to calculate K , the apparent binding constant of the app 
metal-protein interaction, in a given experiment. 
= 
r-· 
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The computer program used to calculate the values of 
K and all values leading to it in a g1ven experiment, 1s app 
published in the appendix at the end of this thesis. A 
complete set of results, calculated using this program, 1s 
also given for a sample experiment of each of the examples 
studied. 
-· 
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The system copper(~Ir) tons/glycine/albumtn. 
If the amount of complexaole copper(IIJ 1ons normally 
present in blood serum is distriouted among 17 natural amino 
acids all in their normal, physiological concentrations, then 
the concentration of copper(II) ions remaining free and 
uncomplexed is approximately 10- 12 moles/l. (Hallman, Perrin 
& Watt, 1971). Norm~lly albumin is able to compete successfully 
with amino acids for complexable copper(II} ions, so as a 
first approximation for experimental study, solutions of 
glycine and copper(II} ions were prepared 1n which the 
concentration of free copper(II) 1ons was of this order. Initial 
experiments showed that solutions of the approximate composition 
-2 -4 glycine=2 x 10 moles/1 ., and copper(II} salt=l0 moles/1 ., 
could be dialysed against albumin, 10-4 moles/1 ., giving 
results which were satisfactory for further analysis. Table 3 
shows the results of one such experiment. A total concentration 
of copper(II) of l .001 x 10- 4 moles/1. in each well of the 
dialysis apparatus was distributed between solutions A 
(containing no protein) and solutions B (containing protein) 
as shown by the values of [Cu]Ainit., and [Cu] 8init .. After 
dialysis at 37° for 6 hours the concentrations of copper ,n 
each solution were measured, giving the values of [Cu]Aterm 
and Cu] 8term . The differences [Cu]Ainit-[Cu]Aterm and 
[Cu] 8term-[Cu] 8init were calculated giving ~[Cu]A and ~[Cu] 8 
with the correct sign as required by the convention described 
on page 59. 
The calculation of results from this experiment follows 
that procedure just described (page 72). Figure 7 shows the 
graph obtained by plotting &[Cu]A and ~[Cu] 8 against [Cu]Ainit. 
-
t 
~ 
Table 3 
Tabulated experiment of the system copper(II)/glycine/albumin 
Well No. 
[Cu]Ainit. 
[Cu] 8 init. 
[ Cu]Aterm 
[Cu] 8 term 
~[Cu]A 
~[Cu] 8 
1 
0.050 # 
0.951 
0. 102 
0.903 
-0.052 
-0.048 
2 
0. 100 
0.901 
0. 128 
0.875 
-0.028 
-0.026 
# A 11 concentrations x 10- 4 moles/1. 
[albumin]t = 1 .009 x 10- 4 moles/1. 
CU T = 1.001 -4 x 10 moles/1. = [Cu]A + 
3 
0. 150 
0.851 
0. 148 
0.860 
0.002 
0.009 
4 
0.200 
0.801 
0. 16 8 
0.845 
0.032 
0.044 
5 
0.250 
0 . 7 5 1 
0 . 1 83 
0.822 
0.067 
0.071 
6 
0.300 
0 . 701 
0.202 
0 . 811 
0.098 
0 . 1 1 0 
pH at end of experiment= 7.396 
[glycine]t = 0.754 x 10- 2 moles/1. 
IC u J B 
' 
-....J 
u, 
j 
Figure 7 Graph~cal analysis of the experiment tabulated in table 3 . 
[Cu]init. l(xl0- 4 ) 
0.8 
,r-Solutions B 
0.7 
0.6 
0.5 
0 . 
0 . 
0 • 2. Solutions A 
6 [Cu](x.lo- 5 ) 
-0.4 
-0.2 0 0.2 0.4 0.6 0.8 l . 0 
-.....J 
m 
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and [CuJ 8 init. respectively. The intercepts where Ll[Cu]=O 
-4 [ ] -4 are [Cu]A=0.140 x 10 moles/1. and Cu 8=0.864 x 10 moles/1., 
which are the concentrations of copper in solutions A and B 
at equilibrium. From these it follows that [Cu] 8-[Cu]A = 
0.724 x 10- 4 moles/l., which is the concentration of copper(II) 
bound to albumin at equilibrium in this experiment. Table 4 
shows these values calculated using the computer progr~m 
given in the appendix. 
E~~~l!~_fr2~-~ll_~~e~r!~~~!~-
Tab1e 5 shows the results obtained from this series 
of experiments. Particular care was taken to vary the 
concentrations of metal, glycine and albumin in different 
experiments 1n order to be able to define as far as possible 
the species present in the system as discussed in the theory 
(page 41 et seq.}. The following relationships became 
clear after many experiments. 
(a) Kapp was dependent on the concentration of free 
glycine present in the system. Experiments 1 through 6 in 
table 5 show this dependence. Such a dependence is 
indicative of the formation of mixed complexes of the type 
Cu-albumin-glycine in the experimental solutions, and 
follows from the relationship 
+ Kcu-alb-gly gly = K app 
Any description of the copper(II)/glycine/albumin system 
must therefore include this mixed complex. 
(b) Kapp was dependent on protein concentration. 
Comparison of the results from experiments 2 and 8, 3 and 9 
and 5 and 10 in table 5 shows the effect of doubling the 
concentration of protein in solutions Bon the values of 
.... 
·-· 
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Table 4 
Calculated results of experiment tabulated 1n table 3 
Calculated intercepts at Li [Cu]=0 . . 
[Cu]A = 0. l 3 8 X 10- 4 moles/l. 
[Cu] 8 = 0.863 X 10-
4 
moles/l. 
Hence concentration of copper bound to albumin at equilibrium 
[Cu]p· = 0.725 x 10- 4 moles/1. 
or r = = 0.719 
from solution A at equilibrium, knowing [CuJA and [glycine]t , 
the calculated concentrations : 
Hence 
[gly-] = 0.778 x ,o- 4 moles/1. 
and [Cu] = 0.482 x 10- 11 moles/1. 
= [Cu]p/[Cu]([P]t - [Cu]p} 
= 0.531 X 10 12 
Constants used 1n the calculation of [gly-J and [Cu]: 
H+ + gly 
2H+ gly -+ 
Cu 2+ + gly 
Cu 2+ + 2gly 
Cu 2+ + H+ + 
Equation 
' 
' 
::::i. 
' 
::::i. 
' 
' gly -
H-gly 
+ H2-gly 
+ Cu-gly 
Cu-gly 2 
, ' Cu-H-gly 2+ 
#T aken from Hallman, Perrin and Watt (1971) 
log constant # 
9.38 
11 . 7 6 
8.02 
14.67 
1 0 . l l 
... 
t ! 
Table 5 
Results from the experimental system copper(II)/glycine/albu min 
Expt. [ p] [glycine]t CuT [gly-] [Cu] r K 
(xl0- 4) (xlo- 1 ) (xl0- 3 ) (xl0- 3) (xlo- 11 ) app (xlo 12 ) 
l 0.485 # 0. l 00 0 . l l 4 0. l 0 3 0.813 0.672 0.252 
2 0.490 0. l 2 6 0.076 0 . l 30 0.315 0.530 0.359 
3 0.486 0. 151 0 . 11 4 0. l 5 5 0.375 0.592 0.387 
4 0.485 0. l 76 0.076 0 . l 82 0.173 0.447 0.466 
5 0.484 0.200 0 . l l 4 0.206 0.221 0.530 0 . 51 2 
6 0.485 0.225 0.076 0.232 0 . l l l 0.398 0.594 
7 l . 0 0 9 0.075 0. l 00 0.078 0.482 0.719 0.531 
8 l . 0 0 2 0. l 2 6 0. l 39 0 . l 29 0.413 0.736 0.673 
9 l . 0 0 2 0 . l 51 0.076 0. l 56 0.090 0.552 l .372 
l 0 l . 00 3 0.201 0.076 0.208 0.056 0.527 l . 9 76 
l l l . 0 0 3 0.249 0. l 39 0.257 0. l 2 4 0.619 l . 31 4 
l 2 l . 0 0 3 0.252 0.076 0.260 0.054 0.413 l . 31 0 
1 3 0.905 0.253 0.076 0.262 0.052 0.470 l . 7 2 2 
l 4 0.986 0.200 0 . l 5 2 0.206 0.216 0.662 0.906 
l 5 0. 9 86 0.200 0. l 39 0.206 0 . l 91 0. 6 31 0.895 
#All concentrations in moles/l. '-J 
I..D 
~ j 
; 
Expt. l PJ I glycine] t 
(xl0- 4) (xl0- 1) 
l 6 0.986 # 0.200 
l 7 0.986 0.200 
1 8 0.986 0.200 
l 9 0. 9 86 0.200 
20 0.986 0.200 
21 0.986 0.200 
22 0. 9 86 0.200 
#All concentrations in moles/l. 
~ 
Table 5 (continued) 
CuT l g l y -] IC uJ 
(xl0- 3 ) (xl0- 3) (xlo- 11 ) 
0. l 26 0.206 0. 16 6 
0 . l 1 1 0.207 0. l 2 4 
0 . l O l 0.207 0. l O 3 
0.088 0.207 0.082 
0.076 0.207 0.068 
0.063 0.207 0.059 
0.051 0.207 0. 0 40 
r 
0.605 
0.623 
0.605 
0.563 
0.491 
0.401 
0.348 
K 
app 
(xlo 12 ) 
0.920 
l . 3 31 
l . 49 3 
l . 5 7 7 
l . 4 21 
l . l 4 l 
l . 3 21 
00 
0 
! 
j 
.•. 
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K , obtained at constant concentrations of free glycine. app 
The dependence of Kapp on the concentration of free glycine 
is still obtained at this higher protein concentration 
(compare experiments 7, 8, 9 and 10}, but the values of 
K are greater than the corresponding values at the lower app 
protein concentration. Such a dependence of K on the 
app 
concentration of protein in reacting solutions indicates 
the formation of complexed species which involve more than 
one protein molecule. Since the average number of copper(!!) 
ions bound to each molecule of protein is less than l in 
these experiments, a first approximation in the description 
of this system would be to include the species Cu-albumin 2 . 
From equations (13) and (15) on page 50, including this 
species gives the relationship 
. . . . + KCu-alb-gly gly + K alb (l- 2r) Cu-alb 2 (l-r) 
= K 
app 
The dependence of K on protein concentration would be app 
expected in such a situation. 
(c) K increases as r decreases. Experiments 14 app 
( l 6) 
through 22 in table 5 show this trend in solutions containing 
constant concentrations of total protein and free glycine. 
Only the amount of copper(!!) present was varied in order 
to give different values of r . This inverse relationship 
between Kapp and r is related to the dependence of Kapp on 
protein concentration. It is the result of the formation 
of bis-, or higher, complexes between copper(II) ions and 
serum albumin (see page 50). Equation (16) shows that 
this relationship between K and r is to be expected 
app 
when such complexes are formed. 
----
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The analysis of the interactions between copper(II) 
ions, glycine and serum albumin therefore indicates that at 
least two copper(II)-albumin complexe~ are for med in 
experimental solutions. These two species, Cu-albumin 2 
and Cu-albu min-glycine, must therefore be included in any 
description of this system. Initially it might be 
considered that the binary species Cu-albumin should also 
be included in calculations of the composition of experimental 
solutions, leading to the relationship 
K + K gly + K alb (l- 2r) = K Cu-alb Cu-alb-gly Cu-alb 2 (l-r) app 
While no direct experimental evidence can be obtained from 
this system for the existance of the binary species, its 
presence must be assumed if the stepwise formation of 
metal complexes is adhered to. Whether or not it is present 
in significant concentrations, however, is shown by further 
calculations of the results (see page 108 et seq.) 
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The system zinc(IIl ions/glyclne/albumin. 
The concentration of free zinc ions in blood serum, 
calculated on the basis that the complexable zinc, 0.46 x 10- 4 
moles/1., 1s distributed among 17 amino acids normally present 
-6 C in serum, 1s approximately 4 x 10 moles/1. Hallman, Perrin 
& Watt, 1971). Applying the same logic to the zinc(II)/albumin 
system that was used for the copper(II)/albumin system just 
described, it can be assumed that when albumin competes with 
amino acids for zinc ions in serum, it forms complexes which 
reflect these levels of free zinc ions. More recent work 
(Giroux & Henkin, 1972; 1972a} has indicated that the 
concentration of free zinc ions calculated by Hallman et al. 
(1971) must be regarded as a maximum concentration, and the 
actual value is probably much less than this. 
As a first approximation for experimental study, mixtures 
of zinc nitrate and glycine were prepared which were calculated 
to produce in solution concentrations of free zinc ions of 
about 10~ 7 moles/1 .. An initial experiment dialysed glycine, 
-2 -4 2.002 x 10 moles/1., against albumin, 0.988 x 10 moles/1., 
in the presence of a total concentration of zinc ions of 
1 - 4 .263 x 10 moles/1 .. Table 6 shows this experiment as it 
was performed. Zinc ions were distributed between solutions A 
(containing no protein) and solutions B (containing protein) 
1n five wells of the dialysis apparatus as shown by the values 
of [Zn]Ainit. and [Zn] 8init. respectively. After dialysis 
for six hours at 37° the solutions were sampled and the 
concentrations of zinc(II) in each was determined by counting 
65 the activity of Zn present. These concentrations are given 
as [Zn]Aterm and [Zn] 8term. The diffusion of zinc ions, 
Table 6 
Tabulated experiment of the system zinc(II)/glycine/albumin 
Well No. 
[Zn]Ainit. 
[Zn] 8init. 
[Zn]Aterm 
[Zn] 8 term 
6 [Zn]A 
6 [Zn]B 
1 
0.181 # 
1 . 0 83 
0. 178 
1 . 0 9 8 
0.003 
0.01 5 
2 
0.271 
0.993 
0.229 
1 . 0 3 9 
0.042 
0.046 
3 
0.361 
0.903 
0.279 
0.992 
0.082 
0.089 
4 
0.451 
0.812 
0.322 
0.943 
0 . 1 2 9 
0 . l 3 1 
5 
0.542 
0.722 
0.364 
0.888 
0 . 1 7 8 
0 . 166 
#All concentrations x 10- 4 moles/l. pH at end of experiment= 7.404 
[albumin]t = 0.988 x 10- 4 moles/l. [glycine]t = 2.002 x 10- 2 moles/1. 
Z nT = 1 . 2 6 4 x 1 O - 4 mo 1 es/ 1 . = I Z nJ A + I Z nJ 8 
(X) 
+::> 
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6fZnJA and 6[ZnJ 8 , in eac~ well was plotted agatnst the 
concentration of zinc initially present tn each solution, 
[Zn]A and [Zn] 8 , in order to determine the equilibrium 
distribution of zinc ions as described previously (page 56 et 
seq.). This graph is shown in figure 9. 
Results_from_all_experiments. 
It soon became clear that glycine was an ineffective 
competitor for zinc ions when dialysed against solutions of 
albumin in attempts to achieve values of r of less than 1 . 
When the total amount of zinc ions present in experimental 
solutions was less than the amount of albumin, movement of zinc 
ions was always in the direction from solution A (containing 
no protein) into solution B (containing protein), in spite of 
experimental conditions which placed albumin, 0.988 x 10- 4 
moles/1., in competition with a 200-fold excess of glycine, 
2.001 x 10- 2 moles/1., for a total concentration of zinc ions 
of 0.542 x 10- 4 moles/1 .. Only if solution A contained no 
metal initially were zinc ions removed from the protein 
solution, and this movement was too small to be measured 
accurately. Addition of zinc ions 1n excess of albumin 
resulted in values of r very close to 1, with too little 
variation with changing experimental conditions to be of use 
in analysing the system. Figure 9 shows this situation. The 
extrapolation of the graphs of ~[Zn] against [Zn]init. to 
~[Zn]=O , gives the calculated intercepts [Zn]A=O. 170 x 10- 4 
moles/1., and [ZnJ 8= 1.096 x 10-
4 moles/1.. The difference 
between these gives [Zn] ~0.926 x 10- 4 moles/1., and r=0.937 . p 
These results, however, can only be regarded as approximate 
because of the failure of the experimental system to approach 
-
Figure 9 
[Zn]init (xlo- 4 ) 
l . 0 
0.8 
0.6 
0.4 
-0.2 0 0.4 
Graphical analysis of the experiment tabulted in table 6 
{Solutions B 
Solutions A 
6 [Zn](xlQ- 5) 
0.8 l . 2 l . 6 2.0 
00 
(j) 
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the equilibrium distribution of z1nc 1ons from both extre mities 
of their concentration. Negative values of &[Zn] must be 
obtained if the extrapolation to the equilibrium position 1s 
to be made with confidence. 
Approximate values for the concentration of free zinc 
ions in solution at equilibrium in the example just given and 
-7 -7 in other experiments, were l x 10 to 5 x 10 moles/1 .. A 
stronger competitor, able to reduce the concentration of free 
zinc ions to lower values than these, is required before 
interactions between zinc ions and serum albumin can be 
analysed by this method. 
I 
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The system copperCII) ions/htstidine/albumin. 
The copper(II)/h1stidine/albumin system was found to 
behave similarly to the copper(II)/glycine/albumin system, 
only the magnitude of K being greater by about a factor of app 
10 in the former. Drawing from previous experience with the 
copper(II)/glycine/albumin system, experimental conditions 
were arranged to place albumin in solutions of copper(II) ions 
of free concentration approximately 10- 12 moles/1. in the 
presence of histidine. These requirements were calculated to 
be achieved by dialysing albumin, l .0 x 10- 4 moles/1., against 
histidine, 2.0 x 10- 3 moles/1., in the presence of a total 
concentration of copper(II) salt of 4.5 x 10- 4 moles/1 .. One 
such experiment is presented in tabulated form in table 6a. 
Copper(II) ions, in a total concentration of 4.431 x 10- 4 moles 
/1., were distributed between solutions A (containing no 
protein) and solutions B (containing protein) as shown by the 
values of [Cu]Ainit. and [Cu] 8init .. After 6 hours dialysis 
at 37° the concentrations of copper in the solutions were 
measured, g1v1ng the observed figures for [Cu]Aterm and 
[Cu] 8term . The diffusion of copper(!!) ions, 6[Cu]A and 
6 [Cu] 8 , were calculated and plotted against the initial values 
of copper(!!) concentration in the solutions in the usual way. 
Figure 10 shows this plot. The calculated intercepts at 6 [Cu]=O 
[ J -3 [ J -3 are Cu A=0.201 x 10 moles/1., and Cu 8=0.242 x 10 moles/1. 
This is the distribution of copper ions between the two 
solutions at equilibrium 1n this experiment. Table 7 gives 
the complete calculated results from this experiment. 
B~~~l!~-!~~~-~ll_~~e~~i~~~!~-
Table 8 gives some of the completed results obtained 1n 
~ t' 
' 
Table 6a 
Tabulated experiment of the system copper(II)/histidine/albumin 
Well No. 1 2 3 4 5 
[Cu]Ainit. 2.215# 2.077 1 . 9 3 8 1 . 80 0 1 . 6 6 2 
[Cu] 8init. 2 . 21 5 2.354 2.492 2.631 2.769 
[Cu]Aterm 2. 105 2.042 1 . 9 79 1 . 9 2 5 1 . 86 2 
[CuJ 8 term 2.329 2.391 2.458 2.518 2.573 
L1 [Cu]A 0 . 11 0 0.035 -0.041 -0.125 -0.200 
L1 [Cu] 8 0 . 11 4 0.037 -0.034 -0. 11 3 -0.196 
#All concentrations x 10- 4 moles/1. pH at end of experiment= 7.395 
[albumin]t = 0.9858 x 10- 4 moles/1. [histidine]t = 2.087 x ,o- 3 moles/1. 
CuT = 4.431 x 10- 4 moles/1. = ICuJA + ICuJ 8 
co 
I..O 
~ J 
Figure 10 
- 2 . l 
- l . 8 
- l . 5 
Graphical analysis of the experi~~nt tabulated in table 6a 
[Cu]init l(xlo- 4 ) 
Solutions B 2 . 7 
2.5 
2 . 3 
2 . l 
Solutions A 
l . 9 
l . 7 
[Cu](xlQ- 4 ) 
- l . 2 
-0.9 
-0.6 
-0.3 0 0.3 0.6 0.9 l . 2 
\.D 
0 
9 l 
Table 7 
Calculated results of experiment tabulated in table 6a 
Calculated intercepts at 6. [Cu]=O . . 
[Cu]A = 0.201 X 10- 3 moles/l. 
[Cu] 8 = 0.242 X 10- 3 moles/l. 
Hence concentration of copper bound to albumin at equilibrium 
[Cu]P = 0.041 x 10- 3 moles/l. 
or r = [Cu]p/[P]t = 0.412 
From solution A at equilibrium, knowing [Cu]A and [histidine]t , 
the calculated concentrations 
-4 
= 0.477 x 10 moles/l. 
and = 0.273 x 10- 12 moles/l. 
Hence K = 
app 
= 0.257 X 10 13 
Constants used 1n the calculation of [his-] and [Cu]: 
+ . -H + his 
2H+ + his-
3H+ + his 
Cu 2+ + his-
cu2+ + 2his 
Cu 2+ + H+ + 
Cu 2+ + his 
Equation 
<::. 
' 
<::. 
' 
<::. 
2his 
+ OH 
H-his 
H2-his+ 
H3-his
2+ 
Cu-his+ 
Cu-his 2 
--'- Cu-H-his 2+ <::. 
' Cu-H-his; <::. 
' Cu-his-OH <::. 
2Cu 2+ + 2his - + 20H.-
' cu 2-his 2-0 H2 <::. 
#Taken from Hallman, Perrin and Watt (19711 
log constant # 
8.92 
14.88 
l 7 . l 2 
9.80 
l 7 . 5 0 
13.92 
2 3. l 5 
2.46 
7.38 
Table 8 
Results from the experimental system copper(II)/histidine/albumin 
Expt. IPJ [histidineJt CuT Ihis-J [Cu J r 
(xl0- 4) (xl0- 2 ) (xl0- 3 ) (xl0- 4 ) (xlo- 12 ) 
l 0.500 # 0.209 0.443 0.469 0.303 0.222 
2 0.499 0.209 0. 4 71 0.463 0.324 0.387 
3 0.986 0.209 0.443 0.476 0.277 0.375 
4 0.986 0.209 0.443 0.477 0.274 0.404 
5 0.986 0.209 0.443 0.477 0.273 0.412 
6 0.986 0.209 0.485 0.467 0.310 0.474 
7 0.986 0.209 0. 4 71 0.472 0.289 0.527 
8 0.986 0.209 0. 49 8 0.469 0. 30 3 0.679 
9 0.786 0. l 79 0.498 0.388 0.425 0.418 
l 0 0.786 0.243 0.498 0.567 0.201 0.381 
l l 0.786 0.310 0.498 0.746 0. l 30 0.335 
l 2 0.786 0.351 0.498 0.857 0. l O 3 0.330 
#All concentrations in moles/1. 
K 
app 
(xlo 13 ) 
0.094 
0 . l 9 5 
0 . 21 7 
0.248 
0.257 
0.291 
0.385 
0.697 
0.202 
0.287 
0.341 
0.382 
I..D 
N 
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this series of experiments. It became clear that the 
copper(II)/histidine/albumin system was quite parallel to the 
copper(II)/glycine/albumin system studied earlier, and the 
same types of complexes could be invoked to describe the 
interaction of copper(II) ions with albumin in the presence of 
histidine as in the presence of glycine. The following 
relationships were confirmed. 
(a) Kapp varies with protein concentration. Comparison 
between experiments l and 4, and 2 and 7 in table 8 shows 
this direct relationship between K and the concentration 
app 
of albumin present in solutions B. Almost doubling the 
concentration of albumin resulted in a doubling of the 
apparent binding constant. This behaviour is quite parallel 
to that observed in the copper(II)/glycine/albumin system 
(see experiments l through 6, table 5 page 79) and is 
explained by the formation of complexes between copper(II) 
ions and more than one molecule of albumin. Bis-, or 
higher, complexes are formed in solutions of copper(II) ions 
and albumin in the presence of histidine as well as glycine. 
(b) K varies directly with the concentration of app 
free histidine in solution. Experiments 9 through 12 in 
table 8 show the effect of increasing histidine concentration 
on K at a single concentration of albumin. The increase app 
1n value of K as the concentration of free histidine is app 
increased provides evidence for the formation of mixed 
complexes of the type Cu-albumin-histidine in experimental 
solutions. 
Together, these observations lead to a minimal 
description of the copper(II)/histidine/albumin system 
which includes a mixed co mplex, a bis- complex and also 
possibly a binary complex, related by the equation 
K + K . ~ i sj + K @ 1 ~( l - 2 r ) Cu-alb Cu-alb-his Cu-alb 2 (l-r) = K app 
The copper ( II)/histidine/albumin syste m does, however, 
differ fro m the copper(II)/glycine/albumin syste m in one 
aspect. The values of K in the copper(II)/histidine/ app 
94 
albumin syste m are about a factor of ten greater than the 
corresponding values from the copper(II)/glycine/albumin 
system (co mpare tables 5 and 8). If the complexed species 
Cu-albumin and Cu-albu min 2 are common to both systems, this 
difference in order of magnitude in the values of K 
app 
may be a reflection of the difference in conditional 
stability constants for the species Cu-albumin-glycine 
and Cu-albu min-histidine, the latter having the higher 
constant. Further calculations confirm this (see page 
108 et seq.). 
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The system zinc(II} ions/h1stidine/albumin. 
Investigation of the interactions between z1nc 1ons and 
serum albumin in the presence of glycine, showed that the latter 
was insufficiently strong a complexing agent to compete against 
the protein for zinc ions in solution. Alternatively it may 
be argued that glycine was unable to buffer zinc ions to 
sufficiently low concentrations for the equilibrium (tentatively 
written) 
zn 2+ + albumin 
' 
Zn-albumin 
to be anything other than far to the right. The concentrations 
of free zinc ions produced in zinc(ll}/glycine buffers were 
calculated to be about 10- 7 moles/1. or greater. Using 
histidine in place of glycine it should be possible to reduce 
the concentrations of free zinc ions to 10- 9 moles/1. or 
thereabouts. 
An initial experiment placed histidine, 2.00 x 10- 2 moles/l 
1n competition with albumin, l .00 x 10- 4 moles/1 ., for a total 
concentration of zinc ions of l .5 x 10- 4 moles/l .. Under these 
conditions histidine proved to be too strong a competitor against 
albumin for zinc ions and too little metal remained with the 
protein at equilibrium for subsequent analysis to be made. 
Lesser concentrations of histidine, however, gave better 
distributions of zinc between the protein and the amino acid 
and a successful series of experiments was performed using this 
system. Table 9 shows one of these experiments as it was 
performed. Histidine, 2.506 x 10- 3 moles/1., was dialysed 
against albumin, 0.702 x 10- 4 moles/l., in the presence of a 
total concentration of zinc ions of l .614 x 10- 4 moles/l .. 
I 
Table 9 
Tabulated experiment of the system zinc(II)/histidine/albumin. 
Well No. l 2 3 4 5 6 
[Zn]Ainit. 0.807# 0.706 0.605 0.504 0.403 0.303 
[Zn] 8init. 0.807 0.908 1 . 00 9 1 . 1 1 0 1 . 21 0 l . 31 l 
[Zn]Aterm 0.649 0.631 0.614 0.598 0.577 0.572 
[Zn] 8 term 0.961 0.972 0. 9 89 1 . 01 0 1 . 0 3 3 l . 0 36 
6[Zn]A 0. l 5 8 0.075 
-0.009 
-0.094 
-0.174 
-0.269 
6[Zn] 8 0. 154 0.064 -0.020 -0.100 -0.177 
-0.275 
#All concentrations x 10-4 moles/1. pH at end of experiment= 7.410 
[albumin]t = 0.702 x 10- 4 moles/1. [histidine]t = 2.506 x 10- 3 moles/1. 
Zn -4 IZnJA + IZnJ 8 = 1.614 x 10 moles/1. = T 
~ 
O'I 
~ j 
. 
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Zinc tons, as a 65 zn labelled solution of z1nc nitrate, were 
distributed between solutions A (contain1~g no protein) and 
solutions B (containing protein) as shown by the values of 
[Zn]Ainit and [Zn] 8inft . After dialysis for 6 hours at 37° 
the solutions were sampled and the concentration of zinc 1n 
each was determined from its activity of 65 zn. These are the 
values of [Zn]Aterm and [Zn] 8 term. The movement of zinc ions 
across the membrane, 6 [Zn]A and 6 [Zn] 8 , was calculated for 
each well, and these figures were plotted against the initial 
concentrations of zinc ions in each solution in the usual 
manner. Figure 11 shows these plots. The calculated intercepts 
[Zn]A and [Zn] 8 give the concentrations of zinc in solutions 
A and Bat equilibrium, and the difference between them give 
[Zn]p , the amount of zinc bound to albumin at equilibrium in 
this experiment. Table 10 shows the complete calculation of 
the results from this experiment using the computer program 
given in the appendix. 
Results_from_all_exeeriments. 
Table 11 shows the calculated results obtained from 
this series of experiments on the zinc(II)/histidine/albumin 
system. Over all the experiments performed the concentration 
of free zinc ions ,n solution was varied between 1 .0 x 10- 8 and 
4.14 x 10- 8 moles/1. at equilibrium, these concentrations 
giving values of r between 0.28 and 0.68 . These concentrations 
of zinc ions are at lea~ tenfold lower than those obtained in 
zinc(Il)/glycine buffers used earlier, and considerably lower 
than the concentrations of free zinc ions currently believed to 
be present in blood serum (Hallman, Perrin & Watt, 1971). 
More detailed analysis of this system, based on the behaviour 
Figure 11 
-2 8 -24 -20 
Graphical analysis of the experiient tabulated in table 9 
[Zn]init (xl0- 4 ) 
Solutions BJ 
1 . 1 
0.9 
0 . 7 
0.5 
0.3 
0 . 1 
6 [Zn](xlo- 6 ) 
-16 - 1 2 -8 -4 0 4 8 1 2 1 6 
l..O 
(X) 
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Table 10 
Calculated results of experiment tabulated 1n table 9 
Calculated intercepts at Li [Zn]=0 . . 
[Zn]A = 0.621 X ,o-4 moles/1. 
[Zn] 8 = 0.993 X 10-4 moles/1. 
Hence concentration of zinc bound to albumin at equilibrium 
-4 [Zn]p = 0.372 x 10 moles/1. 
or r = [Zn]p/[P]t = 0.530 
From solution A at equilibrium, knowing [Zn]A and [histidine]t , 
the calculated concentrations : 
Hence 
[his-]= 0.675 x 10- 4 moles/1. 
and [Zn] = 0.266 x 10- 7 moles/1. 
Kapp = [Zn]p/[Zn]([P]t - [Zn]p) 
= 0.424 X 10 8 
Constants used 1n the calculation of [his-] and [Zn]: 
Equation 
H+ + his '>, H-his 
' 2H+ his '>, H2-his 
+ + 
' 3H+ + his '>, H3-his 
2+ 
' Zn 2+ hi s - '>, Zn-his + + 
' 
zn 2+ + 2his-
' 
Zn-his 2 
--' Zn-H-his 2+ 
' 
#Taken from Hallman, Perrin and Watt (1971) 
log constant # 
8.92 
14.88 
1 7 . 1 2 
6.32 
11 . 6 8 
1 1 . 1 2 
Table 11 
Results from the experimental syste m zinc(II)/histidine/albu min 
Exp t. [ p] [histidine]t ZnT [his-] [Zn] r 
(xl0- 4) (xl0- 2 ) (xl0- 4 ) (xl0- 4 ) (xl0- 7) 
1 0.436 # 0.313 0 . 1 21 0.856 0. 1 43 0.351 
2 0.436 0.313 0 . 1 51 0. 849 0. 1 84 0. 39 9 
3 0.436 0.313 0. 19 2 0.840 0.235 0.549 
4 0.870 0.313 0. l 0 l 0.865 0. l 00 0.288 
5 0.870 0.313 0 . l 51 0.854 0. l 5 8 0.399 
6 0.701 0.251 0.161 0.676 0.266 0 . 5 31 
7 0.702 0.251 0.161 0.676 0.266 0.531 
8 0.703 0.251 0 . l 6 l 0.675 0.266 0 . 5 31 
9 l . 0 4 5 0.208 0.202 0.553 0.414 0.674 
10 l . 044 0.267 0.202 0.716 0.274 0.562 
l l l . 0 49 0.330 0.202 0.890 0. 19 4 0.443 
l 2 l . 0 4 7 0.392 0.202 l . 0 6 5 0 . l 41 0.397 
l 3 l . 0 5 0 0.461 0.202 l . 2 59 0 . l 0 6 0.330 
#All concentrations in moles/1. 
Kapp 
( xl0 8 ) 
0.380 
0.362 
0.520 
0. 40 3 
0.420 
0.426 
0.426 
0.425 
0.499 
0.468 
0.409 
0.466 
0.464 
--' 
0 
0 
l O l 
of K as the experimental parameters are changed, quickly app 
showed that the interactions between zinc(II) ions and serum 
albumin are quite different from those between copper(II) 
ions and albumin. The followings observations were made. 
(a) K is independent of variations in protein app 
concentration. Experiments l and 4 in table 11 show this. 
Doubling the concentration of albumin in the reacting 
solutions had very little effect on the values of rand 
Kapp calculated for different experiments. Experiments 2 
and 5, and 6 and 10 confirm this observation at different 
concentrations of free zinc(!!) ions and other concentrations 
of protein. This finding is in contrast with the behaviour 
of K in the system copper(II)/histidine/albumin (see app 
table 8 page 92}. Such independence of K from protein 
app 
concentration indicates that the system does not involve 
the formation of zinc(II)-albumin complexes with more than 
one molecule of albumin, at least not as a significant 
species. 
(b) Kapp does not increase as the concentration of 
free histidine present in reacting solutions increases. 
Experiments 9 through 13 in table 11 show that with 
increasing concentrations of free histidine in reacting 
solutions, K p does not increase as would be expected a p 
if mixed complexes of the type Zn-albumin-histidine 
were formed. This again is in contrast with the observations 
made on the copper(II)/amino acid/albumin systems studied, 
and indicates that mixed complexes are not significant 
in the zinc(II)/histidine/albumin syste m. In fact, 
experiments 9 to 13 show that there is a diminution in the 
l O 2 
value of Kapp wit~ increast~g histidine concentration. 
( c} K increases with r . This is more closely the app 
conclusion drawn from experiments 9 to 13 in table 11 and 1s 
a general trend over all results from this syste m. The decrease 
in K observed as the concentration of free histidine in the app 
solutions increases is a function of the free metal ion 
concentration, this latter being buffered to lower values as 
more histidine is put into the solutions. The direct dependence 
of K on r is again in contrast with the copper(II)/amino acid app 
/albumin systems studied, where Kapp was seen to decrease with 
increasing values of r . An increase in K with increasing app 
values of r indicates the formation of complexes between zinc 
ions and albumin which involve more than one zinc ion. In the 
first instance the complex Zn 2-albumin might be considered, so 
g1v1ng the relationship (from equation (6) page 61) 
[ ] (2-r) Kzn-alb + Kzn 2-alb Zn (l-r) 
= 
This equation accounts for the dependence of K on rand 
app 
shows that its value is governed by variations in the 
concentration of free zinc ions in solution rather than by 
changes in concentration of histidine or albumin. A minimal 
description of the system zinc(II)/histidine/albumin must 
include the complexed species Zn-albumin and zn 2-albumin. 
-
.. 
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Interactions between copper(II) ions and serum albumin. 
Preliminary analyses of the copper(II)/glycine/albumin 
system and the copper(II)/histidine/albumin system indicated 
that the minimum description which can be applied to each 
must include as a first approximation the species 
Cu-albumin-amino acid and Cu-albumin 2 . If the theory of 
the stepwise formation of complexes is adhered to, then 
the binary complex Cu-albumin must also be formed to some 
extent in reacting solutions. In the initial analyses it 
was felt prudent to include Cu-albumin in the calculations, 
with the qualification that it may be an insignificant 
component of reaction mixtures and hence its conditional 
stability constant will be dificult to determine. Should 
this situation arise then the computed results should give 
some indication of it. 
Initial analysis may therefore start with the calculation 
of conditional stability constants for the three species 
1n each system. From equation (13) page 50 
For the copper(II)/glycine/albumin system this becomes 
ICuJ([PJt-[CuJ )KC lb+ ICuJiglyJ(IPJt-ICuJ )KC lb l p u-a p u-a -g y 
= [Cu] p ( 1 7 ) 
The only unknown values in this equation are the conditional 
stability constants (K values) and the concentration of 
free protein [PJ . If this concentration were known 1n 
each experiment, then the constants could be calculated 
from the set of simultaneous equations of the form of 
equation (17), each experiment furnishing one equation. 
104 
[P] , h ow e v e r , 1 s n o t a n e x p e r i me n t a l 1 y d e t e r m i n e d p a r a me t e r 
and has to be calculated from an equation which uses known 
values for the conditional stability constants of the 
met al ion-protein complexed species. Direct calculation 
of these constants from equation (17) is therefore not 
possible, and some iterative procedure has to be used. 
Comeuting_the_results_for_the_system_coeper(II)/amino_acid/ 
albumin. 
This problem is one of numerical analysis and was 
solved in the following way. 
Experimental solutions B consist of known concentrations 
of protein and amino acid, and copper(II) ions whose total 
concentration in solutions Bat equilibrium is calculated. 
If all the equilibrium constants relating to the reactions 
occurring in experimental solutions B were known, then the 
composition of the reacting mixtures could be calculated 
in terms of the concentrations of each complexed species 
and free 10n. One of several published computer programs 
will do this calculation#. If assumed values for the 
conditional stability constants of any metal ion-protein 
complexes are included with the known stability constants 
for the metal ion-amino acid complexes in such a program, 
the composition of a given experimental solution B can be 
computed with reference to those assumed constants. The 
calculated values for the concentrations of free metal 
ions ([Cu]), free 1 i gand ( Igly] or [his]) and va 1 ues of 
r may be printed by the computer. However, values for 
#The program used here is 'COMICS' (Perrin & Sayce, 1968) 
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these parameters are also obtained more directly fro m 
experimental readings as shown in tables 5 (page 79 ) and 
8 (page 92 ). 
The object of the present computing method 1s to vary 
the assumed conditional stability constants for the metal-
protein complexes until the calculated concentrations of free 
copper(II) ions and free ligand, and calculated values of r 
match those values obtained directly from experimental 
readings. When such a match is achieved over all the 
experiments performed, then the constants applied to the 
metal-protein complexes during the calculations are 
considered to have their 11 correct 11 values. 
In computing the results from the system copper(II)/ 
glycine/albumin, guessed values for KCu-alb , KCu-alb-gly 
and KCu-alb were used along with the known stability 
2 
constants for copper(II)-glycine complexes (see table 4 
page 78) to compute the calculated concentrations of free 
I I 
copper(II) ions ([Cu] ), free ligand ([gly] ) and values 
I 
of r for each experiment. These calculated values were 
compared with their experimentally derived counterparts 
[Cu] , [gly] and r. Since the experimentally derived 
parameters are subject to random errors of experimental 
technique, exact matching between them and the calculated 
parameters cannot be expected over all the experi mental 
results. Some procedure for mini mising the differences 
between them has to be devised. Initially mini misation 
of L /[Cul - [CuJ'j, L j[gly) -[gly{j and L Ir -r'I over 
all the experi ments performed was attempted. It was 
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found, however, that the values of the constants which 
l e d to the mi n i mum val u e of , s ay , L I [ g l y ] - [ g l y J'I were not 
necessarily the values of the constants which gave the 
minimum value of L f[Cu] -[CuJ'I. This was particularly so 
when the constants were varied by small increments around 
their final values. Minimising the sum 
L I [ C LI l - [ C LI 11j + L I [ g l y J - [ g l y l'I + L I r - r' I ( l 8 ) 
was not a sensitive test of minimisation because of the 
different orders of magnitude of each term. Applying scaling 
factors to each term in equation (18) to bring them all to 
the same magnitude places undue importance on one parameter 
as against the others. The quantities finally defined were 
and the sum 
L I [Cu] - [Cu J'I 
L [Cu] 
Lhg1yJ - [ g 1 y J'I 
L rg1y J 
L Ir - r' I 
Lr 
+ + 
= RM 
= RL 
= 
= R 
was minimised over all the experimental results. 
Results_of_the_com~utations. 
( l 9 ) 
Table 12 shows the results of this calculation for the 
system copper(II)/glycinetalbumin assuming that three 
copper(II)-albumin complexes are formed in the experimental 
solutions. These complexes are Cu-albumin, Cu-albumin 2 
---
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and Cu-albumin-glycine. To indicate the accuracy with 
which the calculated constants reproduce the experimental 
results, the calculated values of rare listed along with 
their observed counterparts. The concentration of free 
protein in each experi mental solution, derived during the 
co mputation of the values for the three constants, are also 
listed. Table 13 shows the corresponding results 
calculated for the copper(II}/glycine/albumin system 
assuming that the binary complex Cu-albumin is an insignif-
icant component of the reacting solutions. It is assumed 
that the only significant copper(II)-albumin species 
formed are Cu-albumin-glycine and Cu-albumin 2 . 
Tables 14 and 15 are the results obtained from the 
computations for the system copper(II)/histidine/albumin. 
In table 14 it is assumed that the three copper(II)-
albumin complexes Cu-albumin, Cu-albumin-histidine and 
Cu-albumin 2 are all significant in reacting solutions. 
In table 15 it is assumed that Cu-albumin is an insignif-
icant component and that only the latter two complexes 
are important. In these tables the constants quoted are 
those which give the minimum value of R shown. During 
computation, iteration of all constants was finally taken 
in steps of 0.001 log unit, so R was therefore minimised 
within this error of the constants. 
.. 
Table 12 
Computed results for the experimental system 
copper(Il)/glycine/albumin 
Expt. 
l 
2 
3 
4 
5 
6 
7 
8 
9 
l 0 
l l 
l 2 
l 3 
l 4 
l 5 
l 6 
l 7 
l 8 
l 9 
20 
21 
22 
0.672 
0.530 
0.592 
0.447 
0.530 
0. 39 8 
0.719 
0.736 
0.552 
0.527 
0.619 
0.413 
0.470 
0.662 
0 . 6 31 
0.605 
0.623 
0.605 
0.563 
0.491 
0.401 
0.348 
r cal c 
0. 80 2 
0.655 
0.720 
0 . 5 91 
0.665 
0.536 
0 . 71 5 
0. 71 2 
0.539 
0.501 
0.590 
0.447 
0.470 
0.647 
0.628 
0.608 
0.589 
0.570 
0.538 
0.495 
0.436 
0.377 
I PJ 
(xl0- 5 ) 
0.38 
0. 86 
0.63 
l . 0 9 
0. 79 
l . 36 
0.84 
0.88 
2.09 
2.49 
l . 7 5 
3. l 2 
2.67 
l . 30 
1 . 4 2 
l . 5 5 
1 . 6 9 
l . 8 5 
2 . 1 2 
2.53 
3 . 1 6 
3.88 
log KCu-alb = 12.04 
log Kcu-alb-gly = 15.23 
log KCu-alb = 16.76 
2 
-3 -l RL=0.417xl0 Rr=0.972xl0 R=0.235 
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Computed 
Expt. 
l 
2 
3 
4 
5 
6 
7 
8 
9 
l 0 
l 1 
1 2 
1 3 
1 4 
1 5 
1 6 
1 7 
1 8 
1 9 
20 
21 
22 
Table 1 3 
results for the experimental system 
copper(II)/glycine/albumin 
r obs r Cal C [ p] (xl0- 5 ) 
0.672 0.728 0.58 
0.530 0.655 1 . 0 5 
0.592 0.691 0.83 
0.447 0.572 1 . 36 
0. 5 30 0.617 1 . 0 4 
0.398 0.536 1 . 6 1 
0.719 0.642 1 . 0 7 
0.736 0.675 1 . 2 0 
0.552 0.518 2.56 
0.527 0.492 3.07 
0.619 0.610 2 . 1 7 
0.413 0.445 3.76 
0.470 0.470 3.23 
0.662 0.653 1 . 6 6 
0. 6 31 0.632 1 . 81 
0.605 0.610 1 . 9 8 
0.623 0.588 2 . 1 5 
0.605 0.566 2.33 
0.563 0.532 2.64 
0.491 0.485 3. 1 0 
0.401 0.424 3.75 
0.348 0. 36 5 4.44 
log K = 15.79 Cu-alb-gly 
log Kcu-alb = 16.46 
2 
-2 -l RL=0.l49xl0 Rr=0.847xl0 R=0.206 
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Table 14 
Computed results for the experi mental system 
copper(II)/histidine/albumin 
Expt. 
l 
2 
3 
4 
5 
6 
7 
8 
9 
l 0 
l l 
l 2 
- l RM =0 .492xl0 
r Cal C 
0.222 0.396 l . 9 4 
0.387 0 . 4 l l l . 8 4 
0.375 0 . 41 l 3 . l 3 
0. 404 0. 41 2 3. 1 2 
0.412 0 . 41 2 3. l 2 
0.474 0.428 2 . 91 
0.527 0.426 2.94 
0.679 0.440 2.77 
0.418 0.504 l . 7 3 
0 . 3 81 0.413 2.63 
0.335 0.352 3.34 
0. 330 0 . 31 0 3.84 
log KCu-alb = 12.00 
log Kc lb h. = 16.10 u-a - 1s 
log K = 17.00 Cu-alb 2 
-2 RL=0.872xl0 R=0.238 
l l 0 
--
Table 15 
Computed results for the experimental system 
copper(II)/histidine/albumin 
Expt. 
l 
2 
3 
4 
5 
6 
7 
8 
9 
1 0 
1 l 
1 2 
r r [PJ obs Cal C 
(xl0- 5 ) 
0.222 0. 39 3 1 . 8 2 
0.387 0.406 1 . 7 3 
0.375 0 . 4 1 1 2.90 
0. 404 0.412 2.89 
0.412 0.412 2.88 
0.474 0.426 2.69 
0.527 0.423 2.72 
0.679 0.435 2.56 
0.418 0.476 1 . 6 3 
0. 381 0 . 4 1 7 2.43 
0.335 0.372 3. 0 7 
0.330 0. 336 3.54 
log K = 16.48 Cu-alb-his 
log KCu-alb = 17.10 
2 
R=0.246 
l l l 
1 1 2 
Interactions between ztnc(II} ions and albumin. 
Analysis of zinc(II)/albumin interactions which occurred 
1n the experimental system zinc(II)/histidine/albumin, was 
much easier than that of interactions between copper(II) ions 
and albumin 1n the parallel system. Principally this was 
because of the absence of bis-complexes of zinc ions and 
albumin, so that subsequent computations were much simpler. 
Preliminary findings indicated the presence of two major 
zinc(II)/albumin species in experimental solutions. These 
were Zn-albumin and Zn 2-albumin . Previous discussion of the 
system zinc(II)/glycine/albumin gave the reasons why this 
system was not amenable to further analysis (see page 97 et 
seq.). The following analysis therefore is confined to the 
system zinc(II)/histidine/albumin. 
From equation (13) page 50 
L[M]x[P](y-l)[L]z(x[P]t - y[M]p)KM p L 
X y Z 
= 
If only two species, Zn-albumin and zn 2-albumin, are formed 
1n experimental solutions, this becomes 
Since 
= 
and 
r = 
+ 2 [Zn] (2[P]t - [Zn]P)Kzn alb 
2-
= 
Substituting these into equation (20} gives 
(20) 
1 1 3 
K + K Zn ( 2-r) = K 
Zn-alb Zn 2-alb (l-r) app 
( 2 l ) 
Equation (21) is a linear equation, and K can be plotted 
app 
against Zn (2-r)/(l-r) to give a line of slope Kzn -alb 
2 
and intercept KZn-alb . This is one of the specific 
exa mples considered in the develop ment of the theory (see 
pages 48-9 ). Figure 12 shows this graph. 
A more rigorous calculation of the conditional stability 
constants for the two zinc-albumin species may be made by 
employing the sa me type of computer program devised to 
calculate the results of the copper(II)/amino acid/albumin 
syste ms. Table 16 gives the detailed results of this 
computation. The line drawn in figure 12 is that line 
calculated fro m the values of the conditional stability 
constants given in table 16. 
K 
app 
( xl 0 8 ) 
Figure 12 
Analysis of zinc(II)/histidine/albumin results 
0.54 
0.50 
• 
0.46 • • • 
0.42 
0. 3 8 
• 
• 
0.34 
0.30 
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Table 16 
Computed results for the experimental syste m 
zinc(II)/histidine/albumin 
Expt. 
l 
2 
3 
4 
5 
6 
7 
8 
9 
l 0 
l l 
l 2 
l 3 
- l RM=O. l44xl0 
robs rcalc 
0.351 0.366 
0.399 0.396 
0.549 0.504 
0.288 0.289 
0.399 0.428 
0.531 0 . 5 31 
0.530 0.531 
0.531 0.531 
0.674 0.659 
0.562 0.546 
0.443 0.446 
0.397 0.374 
0.330 0. 30 8 
log Kzn-alb = 7.60 
log Kzn -alb = 13.51 
2 
-3 RL=0.52lxl0 
- l R=0.434xl0 
2.78 
5.30 
2.20 
6.20 
2.52 
3.37 
3.37 
3.37 
3.79 
4.86 
5.88 
6.59 
7.29 
- l R =0.285xl0 
r 
l l 5 
-
·· -
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Criticisms. 
The method of competitive dialysis is subject to errors 
and conditions which must be acknowledged when results are 
quoted. Now that some results have been achieved with the 
method some criticism of it is possible. 
The objective of the technique as currently used was to 
provide as natural an environment as possible for albumin 
molecules, in the hope that under such conditions the protein 
will adopt the structure in which it performs its physiological 
functions. How far the technique has been successful in this 
respect is impossible to know in absolute terms. The gross 
conditions of pH 7.40, 37° and ionic strength 0. 15 have been 
met, and the metal ions were presented to albumin in the way 
in which they might be presented in blood serum. Other factors 
however, may still affect the protein's behaviour, so influencing 
the results obtained. In the experiments performed potassium 
nitrate was used as the supporting electrolyte. Albumin's 
normal environment is essentially one of chloride ions 
(0. l moles/1. in blood serum) together with potassium and 
sodium ions. Alkali metal cations are not bound by albumin, 
but chloride ions and nitrate ions are reported to be bound 
to different extents (Carr, 1952). Chloride ions were excluded 
from the supporting electrolyte in experimental solutions 
because of the uncertainty of the stability constants for 
chloro-complexes of copper(II) and zinc(II) ions, and hence 
the introduction of an unknown error in the calculation of the 
concentrations of free metal ions 1n solution. Intrinsic 
binding constants for the binding of chloride and nitrate ions 
to serum albumin are not consistent, and the effect of their 
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binding on t~e protein's conformation 1s unknown. 
In addition to nitrate, background solutions in experi ments 
also contained a buffering agent for protons. The 1 Good 1 
buffers HEPES and MOPS (figure 13) were used interchangeably 
with no obvious effect on the observed results. Neither of 
these buffers may be expected to show much metal ion complexing 
ability. Their ability to bind to serum albumin is unknown. 
Figure 13 
(\N 
\__/ 
HEPES 
(N-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid) 
MOPS 
(N-m{pholinopropanesulphonic acid) 
The choice of complexing agent to compete with serum 
albumin for metal ions in solution is limited to those which 
do not interact with the protein without the mediation of a 
metal ion. The theory developed earlier does not include this 
eventuality. An ideal choice of competing ligand 1s an amino 
acid. Of all the amino acids present in blood serum only 
tryptophan binds to albumin without the agency of a metal 1On 
·,~ 
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(McMenamy, 1963}. Neither glycine nor histidine react with 
serum albumin (Hunter & Commerford, 1955; Sarkar & Wigfield, 
1968). 
A major factor which might be expected to influence the 
results obtained is the purity of the albumin used. No 
purification of commercial bovine serum albumin was attempted. 
Serum albumin is not a homogeneous protein (Colvin et al, 1954; 
Foster, Sogami & Petersen, 1963) and metal 1ons are frequently 
added to it during the processes leading to its separation 
from the other serum proteins. Also, the highly purified protein 
cannot be crystallised and some long chain fatty acids are 
added to it to facilitate the production of the lyophilised 
powder which is commercially available. The amount of heavy 
metal contamination is not large. Approximately 16 micrograms 
of copper(II) ions per gram of protein have been reported 
( ) -9 Sarkar & Wigfield, 1968 , and this would give at most 10 
moles/1. copper(!!) ions in the reacting solutions used in 
this work. The presence of a competing ligand further 
minimises any effect such contamination might have on the 
results achieved. Commercial samples of serum albumin,however, 
vary greatly in their contamination by long chain fatty acids 
(Chen, 1967) and may contain up to 2.5 moles of this 
contaminant per mole of protein (Goodman, 1958). The presence 
of this impurity has been shown to impair the binding of 
tryptophan to serum albumin (McMenamy, 1963) but its effect 
on the binding of metal ions is not known. The major "impurity" 
of commercial albumin preparations, which may be expected to 
have a large effect on substrate binding, is polymeric for ms 
of the protein itself. These can account for up to 6% of the 
--
.~ 
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total weight of the protein and are usually about 2% of the 
weight (Pedersen, 1962). Few investigators atte mpt to 
separate monomeric albumin from its polymers, and in this 
respect the foregoing work could have been improved. The 
presence of impurities and polymeric forms of albumin 1n 
commercial preparations of this protein does raise the 
problem of assigning an effective molecular weight to the 
reacting species in solution. The molecular weight of the 
major component of monomeric, purified bovine serum albumin 
has been reported to be 67,000 (Loeb & Scheraga, 1956), 
with the effective molecular weight of the whole protein 
preparation being 69,200 . This latter figure was taken as 
the molecular weight of the protein preparations used in 
these studies, more recent measurements also supporting 
the higher figure for commercial samples (Chernyak, Zaboeva 
& Gavrilova, 1971). 
The separation by a semipermeable membrane of two 
solutions, one of which contains a macromolecule, always 
introduces complications into an experimental system. The 
following observations relate to such membrane effects. 
Firstly, the relatively high concentration of supporting 
electrolyte in experimental solutions appeared to minimise 
the Gibbs-Donnan effect across the membrane. This effect 
was assumed to be the cause of a consistent difference in 
acidity of approximately 0.005 pH units between the two 
solutions, the protein solution being more acid. Secondly, 
there was no obvious change 1n the levels of the separated 
solutions during the course of any experi ment. Os mosis was 
considered insignificant under the experi me ntal conditio ns 
-l 20 
used and no compensation was made for any possible changes 
in relative volumes of the reacting solutions when calculating 
the concentrations of the different reactants. 
A maJor factor affecting the precision of the method 
was the accuracy with which the concentrations of metal 
could be measured in the reacting solutions at the end of 
an experiment. Since these estimations presented no 
difficulty the precision of the method was found to be high. 
From series of replicate experiments for each system studied, 
the average variation between observed values of r was found 
to be about 0.03 . In the absence of sufficient replicate 
experiments for a satisfactory statistical analysis to be 
performed, this figure was originally taken to be the 
expected error in a single result. Comparison of tables 12, 
14 and 16, however, show that the experimental system 
zinc(II)/histidine/albumin gave results which were consid-
erably more precise than those from the copper(II)/amino 
acid/albumin systems. Replicate experiments for each 
system confirmed this finding. A possible reason for this 
difference in internal reproducibility in each system may 
be found in a casual observation made during the experimental 
work. At the end of experiments in which the interactions 
between copper(!!) ions and albumin were studied, a slight 
opalescence was observed in the reacting solutions. This 
opalescence was not observed in the experimental series 
zinc(Il)/histidine/albumin, in which the solutions stayed 
water clear, and so was not due to protein denaturation. 
It was tentatively attributed to the release of fatty 
impurities from albumin upon reaction of the protein with 
• 
-
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copper(II), but not zinc(II) ions. If the equilibria fro m 
the copper(II)/amino acid/albumin systems are more accurately 
written along the lines 
fatn-albumin + cu 2+ , ' Cu-albumin-fat( ) + x fat 
n-x 
(where fat=long chain fatty acid impurity), it is reasonable 
to expect that these systems should be less reproducible in 
view of the variable content of fatty acids in commercial 
albumin preparations (Chen, 1967). Also, the results from 
the copper(II)/amino acid/albumin systems were shown to 
be dependent on the concentration of free protein present 
1n reacting solutions. This concentration was assumed to 
consist of monomeric albumin molecules, whereas in fact it 
consisted of variable proportions of albumin monomers and 
polymers. The inclusion of these polymers in the calculated 
concentrations of protein in reacting solutions further 
impairs the precision of the method when applied to the 
copper(II)/amino acid/albumin systems. Table 16 of the 
zinc(II)/histidine/albumin system shows what order of 
prec1s1on may be expected from the method of competitive 
dialysis. This system was not found to be dependent on 
protein concentration, and there was no observed competition 
between fatty acid impurities and zinc(II) ions for albumin 
molecules in reacting solutions. Values of r for the 
+ zinc(II)/histidine/albumin system may be quoted to -0.016. 
For the copper(II)/amino acid/albumin systems values of 
+ r may be quoted to -0.046. These figures are the average 
differences between the observed and calculated values of r. 
Some improvement in this precision might be expected if 
purer albumin was used in future experi ments. Nevertheless 
these levels of error are very small when co mpared with 
1 22 
other equilibriu m dialysis techniques. In the latter case, 
errors in the value of r of 30 % have frequently been found 
acceptable. An error of 0.046 in the value of r in the 
copper(II)/amino acid/albumin systems, however, does mean 
that a given metal-protein complex must account for about 
9% of the total metal ions bound to the protein at 
equilibrium before it 1s detectable. For the zinc(II)/ 
histidine/albumin system this figure is reduced to near 2%. 
Species accounting for less than these proportions of 
[MJP cannot therefore be detected by the present method. 
• . .--
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The interpretation of the results. 
The method of competitive dialysis was applied to study 
the interactions between copper(II} ions and zinc(II) ions 
and bovine serum albumin, in order to determine the avidity of 
these associations under conditions which could be extrapolated 
to those existing in blood serum. It is hoped that the figures 
produced reflect the ability of serum albumin to complex these 
metal ions under natural circumstances. 
The conditional stability constants for the metal-protein 
species formed in experimental solutions refer directly to 
written equations in which the reacting entities are defined 
as closely as possible. For example, in the reaction 
Cu 2+ + albumin 
' 
Cu-albumin 
the extent of reaction is governed by the constant (table 12) 
= [Cu-albumin]/[Cu 2+J[albumin] = l . Q X l ol 2 
[Cu 2+J can be defined unequivocally. It is the concentration 
of free copper(II) ions in solution, and has a calculated 
value in the experiments performed. The description of 
[albumin] however cannot be so precise. The equation in fact 
refers to the reaction of a copper(II) ion with an "average 
molecule 11 of albumin. This "average molecule" is the average 
of all the molecular and conformational types making up the 
uncomplexed population of albumin molecules in solution. It 
has an average degree of protonation of its 290 or so titratable 
groups and an average net charge. The assumption made in 
applying the calculated value of KCu-alb to a blood serum 
s i tu a t i o n i s th a t the 11 a v e r a g e mo 1 e c u 1 e 11 o f a 1 b um i n i s the s am e 
in both cases. Similarly t~e complex formed, Cu-albumin, can 
·.--
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on 1 y be des c r i. bed as an 11 average comp 1 ex 11 • It i s known that 
protons are released when copper(II} ions (Breslow, 1964} or 
zinc ions (Gurd & Goodman, 1952} are bound to albumin, though 
the sites of dissociation are not known for certain. The 
species written in the equation as Cu-albumin is therefore a 
composite of several complexes which differ from each other 1n 
their degrees of protonation. There is no practical way of 
distinguishing between the differently protonated complexes 
formed since any changes in the pH of experimental solutions 
necessary to investigate their formation alter the 11 average 
molecule" of albumin complexing the copper(II) ions in the 
first place. The conditional stability constants quoted can 
only refer to the complexing of a metal ion by an 11 average 
molecule" of ligand, so producing an "average complex 11 defined 
only in terms of its stoicheiometries with respect to metal 
and ligand. In this respect these conditional stability 
constants are no different from the conditional stability 
constants quoted for metal complexes with smaller ligands, 
except that the"average molecule" of ligand is an average of 
a much greater level of molecular organisation 1n the case 
of a protein. 
The exclusion of the stoicheiometry with respect to protons 
1n the constant for a metal/protein complex adds a complication 
to the quoting of conditional stability constants for mixed 
complexes where the second ligand may also be protonated. 
Copper(II} ions, albumin and glycine form a mixed complex, 
the constant for which 1s defined from the equation 
cu
2
+ + albumin + gly , ' Cu-albumin-glycine 
125 
and 
KCu-alb-gly = [Cu-albumin-glycine]/[Cu 2+J[albu min][gly-J 
where [gly-J 1s the concentration of the glycine anion in 
solution. The magnitude of the constant for this species 1s 
such that it is likely that the glycine moiety 1s chelated 
to the copper(II) ion in the complex (see page 132). For the 
corresponding complex with histidine the equation is 
Cu 2+ + albumin + his 
' 
Cu-albumin-histidine 
where his is the histidine anion. However, protonated 
complexes of copper(II) ions and histidine are known, such as 
Cu-his-(H-his)+, where H-his is the monoprotonated histidine 
ligand. It is possible that mixed complexes of copper(II) ions, 
albumin and histidine, in which the latter is protonated, may 
be formed in experimental solutions. The formation of this 
species could be represented by the equation 
Cu 2+ + albumin + H-his 
' 
Cu-albumin-H-histidine 
From equation (13) page 50, the formation of two mixed complexes 
between copper(II) ions, albumin and histidine, would give 
the relationship 
[Cu][his-]([P]t - [Cu]p)KCu-alb-his 
[Cu][H-his]([P]t - [Cu]p)KCu-alb-H-his 
Since 
K' 
Equation (22) becomes 
= 
[CuJ[his-J([PJt - [CuJP)KCu-alb-his 
+ 
[CuJ[his-J([PJt - [CuJP)KCu-alb-H-his·[~'J 
+ 
= 
+ 
Since both [H+] and K1 are constant under experi mental 
l 2 6 
conditions~ this becomes 
= 
where 
K II 
Cu-alb-his = KCu-alb-his + 
KCu-alb-his 1s the constant determined experimentally as the 
conditional stability constant of the species written 
Cu-albumin-histidine. This figure is a constant, but it 
includes a term for the mixed complex formed between the metal 
ion, albumin and the protonated ligand. The experimentally 
determined constant is larger than the real figure representing 
the species truly written Cu-albumin-histidine where such 
protonated mixed complexes are formed. There is, however, no 
way of separating the constants for the two (or more) 
individual species. 
In the strict sense, a constant for a mixed complex is 
based on a formalisation of the equilibrium equation. In the 
results given earlier this formalisation caused reference of 
mixed complex formation to the anion of the amino acid. 
Equations could equally well have been written referring the 
constant to the zwitterionic form of the amino acid and 
different values obtained. However, in the example just 
considered, it is unlikely that mixed complex formation between 
copper(II) ions, albumin and protonated histidine would be very 
great under the experimental conditions used. The reaction 
Cu-his-C_H-his) , ' Cu-his 2 + H+ 
has a pK of 5.65 (from Hallman et al., 1971). Protonation of a 
Cu-albumin-histidine at the histidine ligand would be minimal 
at pH 7.40 if this figure also applies to the protein complex. 
--
--
Binding constants for copper(II)/amino acid/albu min 
interactions. 
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The conditional stability constants calculated for the 
copper(II)-albumin complexes encountered in experimental 
solutions are summarised below (from tables 12 through 15). 
Table 17 
K K K Cu-alb Cu-alb-a.a Cu-alb 2 
l .lxlo 12 1 .7xlo 15 5.8xlo 16 
6.2xlo 15 2.9xlo 16 
l.Oxlo 12 l.3xlo 16 l.Ox10 17 
3.0xlo 16 l.3xlo 17 
R 
0.235 
0.206 
0.238 
0.246 
System 
Cu/gly/alb 
Cu/gly/alb 
Cu/his/alb 
Cu/his/alb 
It has already been discussed that the copper(II)/ 
amino acid/albumin systems are not as reproducible in this 
study as they might be, this larger (compared with the 
zinc(II)/histidine/albumin system) experimental error 
being attributed principally to the impurity and uncertainty 
of composition of the albumin preparations used. Such an 
error tends to blur the final figures which can be quoted 
for the conditional stability constants and may confuse 
the computations used to derive them. 
Experimental results provide evidence for some mixed 
complex formation between copper(II) ions, amino acid and 
albumin, and also for the formation of complexes involving 
more than one protein molecule. As a first approximation 
these complexes are written Cu-albumin-amino acid and 
Cu-albumin 2 . No direct experi mental evidence can be 
presented from the result to show the formation of the 
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binary complex Cu-albumin, other than the observed fact 
that complexing between copper(II) ions and albumin takes 
place. If the theory of the stepwise formation of complexes 
is adhered to, then Cu-albumin must be formed to some 
extent in reacting solutions. It could be hoped that 
fitting constants to the experimental data might show 
whether or not this binary complex was in significant 
concentration in experimental solutions. Because of the 
relatively large experimental error 1n the results, as 
indicated by the values of R listed in table 17, the case 
is not quite so clear cut. 
The computing procedure used employs the argument that 
the better the fit of experimental data provided by the 
computed constants for the copper(II)-albumin species, 
the lower is the value of the parameter R. From table 17 
it is seen that computations for the copper(II)/glycine/ 
albumin system show a better fit of the experimental data 
is obtained if the binary complex Cu-albumin is considered 
an insignificant component of reacting solutions (that is 
KCu-alb=O in computations). The reverse is true for the 
copper(II)/histidine/albumin system and the binary complex 
must be included as a significant species in reacting 
solutions to obtain the best fit of experimental data. 
While it is quite possible that a complexed species present 
in one system may be absent from another, the failure of 
the precision of the experimental results from the 
copper(II)/amino acid/ albumin systems means that other 
considerations must be taken into account before deciding 
on the final significance of a given species in reacting 
-
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solutions. Two arguments may be offered 1n favour of the 
inclusion of Cu-albumin as a significant reacting species 
in the system copper(II)/glycine/albumin, even though its 
inclusion produces a poorer fit of experimental data. 
Firstly, on the basis of the value of KCu-alb calculated 
from the copper(II)/histidine/albumin results, Cu-albumin 
1s a major species in reacting solutions of the copper(II)/ 
glycine/albumin system. Table 18 shows the proportion of 
copper(II) bound in each copper(II)-albumin complex for 
the experimental solutions of the copper(II)/glycine/albumin 
system (see tables 5 and 12 for other details of solutions). 
The binary species Cu-albumin accounts for between 29.7% 
and 73.5 % of the copper(II) bound to albumin, and is the 
dominant species. The bis-complex Cu-albumin 2 accounts for 
14.7-60.7% of the bound copper(II), while the mixed complex 
Cu-albumin-glycine accounts for only 7.7-18.0 % of the 
bound copper(II). The question of the inclusion of 
Cu-albumin as a significant reacting species in experimental 
solutions of the copper(II)/glycine/albumin system is not, 
therefore, a question of the significance of a minor species 
whose concentration verges on the limits of experimental 
error. If any species is suspect from this point of v1ew 
it must be the mixed complex Cu-albumin-glycine, and there 
1s experimental evidence for this species. If Cu-albumin 
1s to be included in the composition of experimental 
solutions, it must be included as a major species. Table 
19 shows that similar conclusions can be drawn from the 
species composition of reacting solutions in the system 
copper(II)/histidine/albumin. In this case the dominant 
copper(II)-albumin species is Cu-albu min 2 , followed by 
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Table 18 
Distribution of copper(II) ions bound to serum albumin 1n 
experimental solutions from the system 
l 2 KCu-alb=l. lxlO 
Expt. 
l 
2 
3 
4 
5 
6 
7 
8 
9 
l 0 
l l 
l 2 
l 3 
l 4 
l 5 
16 
l 7 
l 8 
l 9 
20 
21 
22 
Copper(II}/glycine/albumin. 
l 5 KC l b l = l . 7 x l 0 u-a -g y l 6 KCu-alb =5.8xl0 
2 
Proportion of copper(II) 1n 
Cu-alb Cu-alb-gly Cu-alb 2 
0.735 
0.565 
0.636 
0.539 
0.618 
0.483 
0. 6 40 
0.601 
0.428 
0. 380 
0.432 
0. 329 
0. 35 6 
0.500 
0.484 
0.468 
0.452 
0.436 
0 . 4 l l 
0.377 
0.335 
0.297 
0 . l l 7 
0. l 80 
0. l 5 3 
0 . l 5 2 
0. l 2 4 
0 . l 7 4 
0.077 
0 . l 20 
0. l O 3 
0 . l 2 2 
0. l 7 2 
0 . l 3 3 
0. l 4 5 
0. l 60 
0 . l 5 5 
0 . l 5 0 
0 . l 45 
0. l 40 
0. l 3 2 
0. 121 
0 . l O 7 
0.095 
0 . l 4 7 
0.254 
0 . 21 l 
0.309 
0.258 
0.343 
0.283 
0.279 
0.469 
0.498 
0. 39 7 
0.539 
0.499 
0.341 
0. 36 l 
0.382 
0.403 
0.424 
0.457 
0.502 
0.557 
0.607 
0. 80 2 
0.655 
0 . 7 20 
0 . 59 l 
0.665 
0. 5 36 
0 . 71 5 
0 . 71 2 
0.539 
0.501 
0.590 
0.447 
0.470 
0.647 
0.628 
0.608 
0.589 
0.570 
0.538 
0.495 
0. 4 36 
0.377 
--
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Table 19 
Distribution of copper(II) ions bound to serum albumin 1n 
experimental solutions from the system 
Copper(II)/histidine/albumin 
l 2 KCu-alb=l .0xl0 
Expt. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
l l 
l 2 
Kc lb h. =l.3xl0 u-a - 1s 
l 6 l 7 KCu-alb =l .0xl0 
2 
Proportion of copper(II) 1 n r calc 
Cu-alb Cu-alb-his Cu-alb 2 
0.283 0. 16 8 0.549 0.396 
0 . 211 0. l 2 7 0.662 0 . 4 11 
0 . 21 l 0 . 1 2 7 0.662 0 . 41 l 
0.212 0 . l 2 7 0.661 0.412 
0.212 0. l 2 7 0.661 0.412 
0.222 0 . l 30 0.648 0.428 
0.221 0. l 2 9 0.650 0.426 
0.230 0. 132 0.638 0.440 
0.315 0. 1 38 0.547 0.504 
0.232 0 . 1 5 7 0 . 61 l 0.413 
0 . 19 0 0.174 0.636 0.352 
0. l 6 9 0 . l 81 0.650 0.310 
---
l_ 
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Cu-albu min, with the mixed co mplex Cu-albu min-histidine 
again being the least significant species in terms of the 
proportion of copper(II) bound to albumin. 
A second argument 1n favour of including Cu-albumin as a 
significant species in reacting solutions in both copper(II)/ 
amino acid/albumin systems is the agreement found between 
the constants calculated from the experimental data when all 
three species are considered present. Two species are 
common to both systems, namely Cu-albumin and Cu-albumin
2 
. 
In an ideal experimental situation the two values of 
Kcu-alb and of Kcu-alb
2 
should correspond exactly, whether 
they are cal c ulated from the copper(II)/glycine/albumin 
results or from the copper(II)/histidine/albumin results. 
Agreement between the calculated values of KCu-alb from the 
two systems is very good. Much closer agreement between the 
calculated values of KCu-alb from the two systems is 
2 
achieved if Cu-albumin is included as a reacting species. 
This agreement is diminished if the species Cu-albumin is 
excluded from computations on either or both sets of results. 
To obtain the best fit of the entire range of experi mental 
results from both experimental systems, therefore, it would 
seem necessary to include the binary complex Cu-albumin as 
a significant reacting species with a conditional stability 
constant of 1 .lxlo 12 . Of the other species to be included, 
the bis-complex Cu-albu min 2 has a conditional stability 
constant of 0.8xlo 17 (the mean of the two calculated values), 
and the mixed co mplexes Cu-albu min-glycine and Cu-albu min-
histidine have conditional stability constants of 
-
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1 5 1 6 . 1.7 x 10 and 1.3 x 10 respectively. 
However, because of the errors in the experimental 
results (attributed principally to the lack of purity of the 
albumin used) these figures must be regarded astentative. 
They could be confirmed by repeating the experiments using 
a more purified albumin preparation. By doing this it is 
reasonable to expect that the experimental results from the 
systems copper(II)/amino acid/albumin will approach (or even 
exceed) the precision found in the results from the system 
zinc(II)/histidine/albumin. With increased precision in 
the experimental results greater confidence could be placed 
in the calculated conditional stability constants for the 
copper(II)-albumin species formed. lt would also be 
expected that a real difference in the error parameter R 
(see pages 104-6) would show between calculations including, 
and calculations excluding, the binary complex Cu-albumin. 
When such a difference is found then the significance of 
the species Cu-albumin in reacting solutions may be 
stated with more certainty. 
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A model for copper(II)/albumin interactions. 
Considerable detail is now known about the nature of 
the binding sites of serum albumin which are involved in 
the interactions between this protein and copper(II) ions. 
Initial studies of the multiple binding of copper(II) ions 
(Klotz & Curme, 1948) to albumin indicated the presence of 
16 binding sites, which were tentatively identified with 
the 16 or 17 histidine residues in the protein's structure 
(Tanford, 1952; Edsall et al., 1954). Such a simple analysis 
of binding data, however, did not give an accurate 
description of copper(II)/albumin interactions. It was 
shown (Kolthoff & Willeford, 1957) that one of the binding 
sites was more avid for copper(II) ions than the others. 
Evidence was presented that the solitary binding site 
for copper(II) ions was not the single -SH group in the 
structure of albumin (Benesch & Benesch, 1948; Kolthoff & 
Willeford, 1957), and more than four equivalents of 
copper(II) ions had to be bound before the -SH group became 
involved (Klotz, Urquhart & Fiess, 1952). A spectrophoto-
metric investigation of copper(II)/albumin interactions 
also indicated a conformational change in the protein when 
2-10 copper(II) ions are bound (Klotz, Urquhart, Klotz & 
Ayers, 1955), though reversible aggregation of metal-protein 
polymers is likely to occur under such excesses of copper(II) 
ions (Saroff & Choate, 1958). Peters (1960) observed that 
in amino acid analyses of serum albumin the yield of 
N-terminal aspartic acid decreased stoicheiometrically with 
increasing concentrations of copper in the protein preparation, 
so implicating the N-terminal in the first binding site for 
-
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copper(II) ions. Breslow (1964) compared the ultraviolet 
and visible spectra of copper(II)/albumin and copper(II)/ 
tetraglycine mixtures, and correlated peaks at 525nm with 
an a-amino-copper(II) linkage. She proposed that the 
first binding site of albumin consisted of the a-NH
2 
and 
~-CO2 of aspartic acid and two peptide-N linkages, so 
accounting for the release of two, or possibly three, 
protons when a copper(II) ion is bound. Analysis of the 
first 24 amino acids from the N-terminal of bovine serum 
albumin (Shearer, Bradshaw, Gurd & Peters, 1967) showed 
a potential binding site for copper(II) ions in the 
sequence H2N-Asp-Thr-His- . The avidity of the 1-24 peptide 
from the N-terminal of serum albumin for copper(II) ions was 
found to be comparable with that of whole albumin; the 
ultraviolet and visible spectra of equimolar mixtures of 
copper(II) ions with the peptide and with whole albumin 
were similar (Bradshaw, Shearer & Gurd, 1968); and three 
protons were released from the peptide when a copper(II) 
10n was bound at neutral pH (Peters & Blumenstock, 1967). 
Supporting evidence that the three N-terminal amino acids 
of albumin form the first binding site for copper(II) ions 
was provided by Dixon & Sarkar (1972) who showed that 
serum albumin from dog had no specific binding site for 
this metal ion, and had the N-terminal sequence 
H2N-Glx-Ala-Tyr- , a tyrosine replacing the histidine 1n 
position 3 of the peptide chain. 
Peters and Blumenstock (1967) proposed a model for the 
first (and physiologically significant) binding site of 
serum albumin for copper(II) ions, in which the metal ion 
136 
1s held in a tetrachelate, square planar complex with bonds 
to the ~-NH 2 of the N-terminal aspartic acid, two peptide-N 
atoms, and the imidazole-N of histidine in position 3 of 
the peptide chain. This picture of the solitary binding site 
of serum albumin for copper(II) ions may provide one of the 
few examples of metal ion/protein interactions for which 
a smaller molecular weight model can be found. The N-terminal 
sequence of bovine serum albumin is given in figure 14 to 
compare with appropriate models (Shearer, Bradshaw, Gurd & 
Peters, 1967). The histidine residue in position 3 is 
considered vital 1n copper(II) ion binding, and an obvious 
model for such a sequence is the tripeptide glycyl-glycyl-
histidine. 
Data for the binding of copper(II) ions by this peptide 
are scarce, but the following observations have been made. 
The peptide glycyl-glycyl-histidine has three pKa values of 
2.84, 6.87 and 8.22 (25°, ionic strength 0.16) corresponding 
to ionisations from the carboxyl, imidazole-NH+ and terminal 
-NH; groups respectively (Bryce, Roeske & Gurd, 1965). On 
binding a copper(II) ion two additional ionisations occur 
with pKa values of 4.90 and 5.00 . These are peptide bond 
ionisations (ibid.). Applying these observations on this 
peptide to the postulated binding site of albumin for 
copper(II) ions, it is likely that at least one of the 
three protons released when copper(II) ions bind to albumin 
at pH 6.5 would be a peptide proton. Another would be from 
the N-terminal -NH; . This would account for the observation 
that fewer protons are displaced from albumin by copper(II) 
1ons at pH 8.0, namely 2.6 , than at pH 6.5 (Peters & 
1 3 7 
Figure 14 Diagram of the N-terminal seque nce of bovine 
serum albumin and its model , glycyl -glycyl - histidine 
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Blumenstock., 1967}. The third proton released at pH 6.5 
could also be a peptide proton ionisation,from the figures 
just given#. Qualitatively, the model peptide glycyl-glycyl-
histidine would appear to bind a copper(II) ion at neutral 
pH in the same manner as serum albumin. 
Quantitative comparison i s mo re involved. It has been 
calculated 1 n this work that the reaction 
Cu 2+ + albumin 
' Cu-albumin 
' has an equilibrium constant at pH 7.4, 37°, i On i C strength 
0.15, of log KCu-alb=l2.04 . The equilibrium data for the 
reaction 
Cu 2+ + L 
' 
' 
where L 1s the glycyl-glycyl-histidine anion, are not yet 
published. However, for the dipeptide glycyl-histidine the 
stability constant for the formation of the l :l copper(II) 
complex is log K1=8.68, and for ~-alanyl-histidine 
#rt should be noted, however, that there is a discrepancy 1n 
the number of protons lost on binding a copper(II) ion at pH 
5.5 to the N-terminal 1-24 peptide of albumin and to intact 
albumin. The former loses 3.5 protons; the latter loses only 
2.2 protons. This discrepancy shows that the l-24 peptide 
does not behave identically to intact albumin and that some 
change in coordination partners for the copper(II) ions may 
occur in the latter which is not evident in the former. The 
3.5 protons lost by the peptide could be the N-terminal -NH~ 
ionisation, the remains of the imidazole-NH+ and the two 
peptide protons. In the intact protein, however, it may be 
that restriction of free movement of the N-terminal causes 
coordination to occur through the free carboxyl group of the 
N-terminal aspartic acid instead of via the amino group, so 
causing the release of l less proton at this pH than at pH 
6.5 (data from Peters & Blumenstock, l967J 
r -
I 
1 39 
log K1=8.14 (37°, ion1c strength 0.15)(Agarwal & Perrin, 
1974). Increasing the glycine chain length in such simple 
peptides does not have a very great effect on the stability 
constants of the 1 :1 complexes formed with copper(II) ions 
(Kim & Martell , 1966) so these figures may be taken as 
approximate values for the stability constant of a 1 :1 
complex of copper(II) and glycyl-glycyl-histidine. However, 
direct comparison of these figures with log KCu-alb=l2.04 
is not necessarily valid. If the pK values for the 
a 
dissociation of peptide protons from the tripeptide 
glycyl-glycyl-histidine on its binding a copper(II) 10n can 
be applied to the N-terminal peptide of serum albumin, 
then the complex formed at pH 7.4 would best be represented 
by the stoicheiometry Cu(L-2H), where L represents the 
N-terminal tripeptide of the protein in its unprotonated 
state. The reacting N-terminal of the protein is furthermore 
best represented by H L , where xis the number of protons 
X 
bound as the imidazole-NH+ (pK 6.87) plus the N-terminal 
a 
+ 
-NH 3 (pKa 8.22) at pH 7.40 . The reaction between one 
copper(II) ion and H Lis therefore associated with the X 
release of (2+x) protons from the peptide, the two peptide 
-NH- groups releasing two protons at pH 7.40 . Since 
protons are ignored when the conditional stability constants 
are quoted for copper(II)/albumin species, the reaction 
between copper(II) ions and the N-terminal of serum albumin 
at pH 7.4 can 
cu 2+ 
and 
be written 
+ H L ::::.-, 
X 
' 
Cu(L-2H) + (2+x)H+ 
K
1 
= fCu(L-2H}J/ fCu 2+J [H LJ 
X 
It is this constant which has to be compared with the 
--
measured conditional stability constant of the species 
Cu-albumin. 
l 40 
Using the figures given for the pK values of glycyl-
a 
glycyl-histidine (from Bryce, Roeske & Gurd, 1965), it is 
calculated that x has a value of l.l at pH 7.40. These 
protons will be released when a copper(II) ion is bound. 
If the two peptide protons, with pKa values of 4.90 and 
5.00 (ibid.) are also released, this makes a total of 
3.1 protons released in the reaction, in good agreement 
with the 3.1 protons released from albumin at pH 6.5 
observed by Peters and Blumenstock (1967). Manipulating 
the constants just quoted 
[Cul]/ [Cu 2+J [lJ 
From the reaction 
= 
108.14 
Cul 
' 
Cu(l-2H) + 2H+ 
[ C u ( l - 2 H ) J [ H + J 2 / [ Cu lJ 
Substituting (24) into (23} gives 
= 
(23} 
(24) 
[Cu ( l - 2 H)] [ H + J 2 / [ Cu 2 + J [ lJ = l 0 - 9 · g x l 0 8 · l 4 ( 2 5 ) 
At pH 7.40 the ligand can be represented by H l , where 
X 
x=l. l . The pH of half ionisation of H l , that is the pH 
X 
where the average stoicheiometry of the ligand i s H x/2l , 
l s 8.20 . Hence from the theory of proton dissociation 
curves 
[ H +J x [ lJ / [ H LJ = 10-9.02 
X 
Substituting this figure into ( 2 5 ) gives 
[ Cu ( l - 2 H ) ] [ H +J ( 2 + x ) / [ C u 2 +] [ H lJ 
X 
= 
10-10.78 
Since [ H +J = 10-7.40 and x = 1 . l 
K' = I C u ( l - 2 H )J / [ C u 2 +] [ H LJ 
X 
= 
1012.16 
-Addendum. 
Since this thesis was printed Dr R.P. Agarwal has 
completed further work on the potentiometric titrations o f 
the system ~u(II)-glycylglycylhistidine. At pH values greqter 
than 5 he found that the major species in his reaction 
mixtures was Cu(L-2H), where L=glycylglycylhistidine anion. 
In addition he found that two bis-complexes were formed, 
CuL(L-H) and Cu(L-H) 2 . The figures he obtained were 
pKa1=7.51, pKa 2=6.52, pKa 3=2.43, log KCuL=7.04. The log 
constant for the reaction 
CuL 
'< Cu(L-2H) + 2H+ 
was -9.15, and for 
Cu+ 2L, 'CuL(L-H) + H+ 
was 8.70. The pK value for the reaction 
a 
CuL (L-H) <.. ... Cu (L-H) 2 + H+ 
was 7.40. Manipulating these figures as before, conditional 
constants for the reactions at pH 7.40 
Cu + HXL c:: ...,, Cu (L-2H) + (2+x)H+ 
K .... 
- [Cu(L-2H)] I [Cu] [H L] 
-
1012.48 (cf. K ) 1 X ~ Cu-alb 
wnere x=0.66 
2HXL ~ Cu (L-nH) 2 + 
+ Cu ~ 2(x+n)H I 
K .... 2 1015.49 (cf.Kcu-alb) [Cu (L-nH)2 ] / [Cu J [HxL J = 2 
2 
where n=O.75 
The author wishes to thank Dr R.P. Agarwal for making these 
figures available to him prior to their publication. 
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agreement with the value determined here, log K=4.06 . 
Sarkar and Wigfield (1968) however, do not specify the 
species of histidine taking part in their reaction. 
-
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This is the value which has to be compared with KCu-alb= 
10 12 · 04 determined experimentally. The coincidence between 
these two figures for the conditional stability constant 
KCu-alb is astonishing, especially 1n view of the different 
th d d t d . th O 10 12 · 04 d t . d me o s use o er,ve em. ne, , was e ermine 
directly by experiment; the other, 10 12 · 1~ was derived by 
manipulation of equilibrium equations involving a feasible 
model peptide. It is possible to conclude from the 
closeness of the two figures that the tripeptide glycyl-
glycyl-histidine is a very good quantitative model for the 
interactions between copper(!!) ions and the N-terminal 
of serum albumin. As regards the binary complex Cu-albumin 
this would indeed appear so. However, recent potentiometric 
titration studies have shown that glycyl-glycyl-histidine 
does not form bis-complexes or mixed complexes with 
copper(II) ions and an amino acid (R. P. Agarwal, personal 
communication), so that its ability to mimic the 
physiologically significant binding site of albumin for 
these metal ions is limited. 
Evidence for mixed complex formation between serum 
albumin, copper(!!) ions and an amino acid has been presented 
before (Sarkar & Wigfield, 1968). The value for the 
equilibrium constant of the reaction 
Cu-albumin+ histidine 
' 
Cu-albumin-histidine 
determined by those authors is log K=3.36, roughly in 
agreement with the value determined here, log K=4.06 . 
Sarkar and Wigfield (1968) however, do not specify the 
species of histidine taking part in their reaction. 
--
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The bis-complex, Cu-albu min 2 , has not previously 
been reported. A bis-albumin complex with me rcury(II) ions 
(Hughes, 1947) is believed to have the metal ion linking 
two albumin molecules through their single -SH groups 
(Gurd & Wilcox, 1956), but this is not likely to be the 
structure of Cu-albumin 2 . Most recently evidence was 
presented for the existence of a cobalt(III) bis-albumin 
complex (Nandedkar, Heng & Friedberg, 1974), though those 
authors offer the alternative interpretation that in their 
electrophoresis experiments cobalt(III) ions were complexed 
by albumin dimers. The possibility of the formation of 
a copper(II}-albumin complex involving more than one 
albumin molecule was not previously considered during 
determinations of stability constants of copper(II)-albumin 
species. The presence of Cu-albumin 2 in experimental 
solutions could be the reason for the great discrepancy 
between a previous determination of the conditional constant 
KCu-alb and the present figure. Lau and Sarkar (1971) 
found log KCu-alb=l6.l , closer to the currently determined 
value of log KCu-alb =16.9 than the value of log KCu-alb= 
2 
12.04, also determined in this work. 
The equilibrium constant for the reaction 
C 
' u-albumin + albumin , Cu-albumin 2 
is 10 4 · 86 . This is much less than the conditional stability 
constant determined for Cu-albumin, 10 12 · 04 . What this 
drop in stepwise equilibrium constant reflects in terms of 
the structure of Cu-albumin 2 is unknown. If it can be 
assumed that the same binding site on albu min is involved 
in the formation of Cu-albumin 2 as is involved in 
143 
Cu-albumin, it would seem unlikely that one of the albumin 
molecules 1n the former complex would persist in acting as 
a tetra dent ate 1 i g and . Howe v e r , w hi ch bonds are II dropped 11 
in Cu-albumin in order to form Cu-albumin 2 can at present 
only be guessed. 
--
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Binding constants for zinc(II)/a mino acid/albu min interactions 
In contrast with the copper(II)/amino acid/albumin 
syste ms the system zinc(II)/histidine/albumin was simpler to 
analyse and much more precise in its performance. The 
conditional stability constants for the two zinc-albumin 
species detected in experimental solutions are KZn-alb= 
4.0 x 10 7 , and Kzn -alb=3.2 x 10 13 . Table 20 shows the 
2 
distribution of zinc(II) ions bound to albumin in experimental 
solutions. 
As expected from the calculated conditional stability 
constants, the major zinc-albumin species in reacting 
solutions is Zn-albumin, accounting for 93.5 %-98.4% of all 
the zinc bound to the protein. The species Zn 2-albumin 
accounts for only l .6 %-6.5% of the zinc ions complexed by 
albumin, and the fact of its detection in this experimental 
system says much for the precision with which the system 
behaved. The error parameter Rr (from table 16 page 115) 
has the value 0.029 from the 13 experiments listed. This 
represents a mean error in r of 0.013. A given species 
must therefore account for more than 2.8 % of the zinc ions 
bound to albumin to be detectable outside · the experimental 
reproducibility of the method. Zn 2-albumin accounts for 
more than this proportion of r in 8 of the 13 experiments 
listed in table 20, these being those experi ments where 
r had a value greater than 0.428. This level of significance 
of Zn 2-albumin is sufficient for the estimation of its 
conditional stability constant, the relative si mplicity of 
the zinc(II)/histidine/albumin system and its apparent 
freedom from interference by impurities in the albumin 
--
Table 20 
Distribution of zinc(II) ions bound to seru m al bumin in 
experi mental solutions from the syste m 
Zinc(II)/histidine/albumin 
K = 4.0 x 10 7 Zn-alb 
Expt. Proportion of zinc(II) 1 n rcalc 
Zn-alb Zn 2-alb 
l 0.978 0.022 0.366 
2 0.975 0.025 0.396 
3 0.962 0.038 0.504 
4 0.984 0.016 0.289 
5 0 . 9 71 0.029 0.428 
6 0.959 0.041 0. 5 31 
7 0.959 0.041 0.531 
8 0.959 0.041 0.531 
9 0.935 0.065 0.659 
l 0 0.956 0.044 0.546 
l l 0.969 0. 0 31 0.446 
l 2 0.977 0.023 0.374 
l 3 0.983 0.017 0.308 
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preparations used both assisting the precision of the 
experimental data from which it was calculated. 
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Models for zinc(II}/albumin interactions. 
Unlike the single binding site for copper(II) ions 
borne by albumin, the nature of the two binding sites for 
zinc(II) ions is unknown. From multiple binding studies it 
was initially thought that the sites for zinc(II) ions 
consisted only of the histidine side chains of the protein 
(Gurd & Goodman, 1952) by comparison with their numbers 
(serum albumin has 16-17 histidine residues in its structure) 
and the intrinsic binding constant for Zn-imidazole 
(Kol tun et al., 1958; Edsall et al., 1954). But the sites 
are more complicated than this, possibly involving chelation 
between imidazole groups and carboxyl side chains (Rao & 
Lal, 1958a). Working at pH 6.5 Rao and Lal (1958) found 
two sites for zinc(II) ions from which these metal ions 
could not be displaced by cadmium(II) ions. The results 
of this present work confirm that there are two binding 
sites for zinc(II) ions on serum albumin which are of 
possible physiological significance. 
Evidence has been presented that conformational changes 
occur in albumin as zinc(II) ions are bound, and these 
changes alter the affinity of other binding sites such as 
those for dyes (Klotz & Loh-Ming, 1954), phosphoglyceric 
acid (Malmstrom, 1955) and steroids (Schellman, Lumry & 
Samuels, 1954). It is not known whether these changes 
affect the other binding sites for metal 1ons. While no 
evidence was found in this work for the formation of mixed 
complexes between zinc(II) ions, albumin and an amino acid, 
some evidence has been presented for such complexes to be 
formed with other small ligands. Up to three chloride ions 
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may bind to the zinc(II) ion in Zn-albumin as shown by 
nuclear magnetic resonance studies (Sudmeier & Pesek, 1971). 
Acetate ions may also form mixed complexes with Zn-albumin 
(Lal & Rao, 1957). 
Evidence for only the two species Zn-albumin and 
Zn 2-albumin was found in this study. The equilibrium 
constants for the reactions 
Zn 2+ + albumin ' Zn-albumin 
' 
zn
2
+ + Zn-albumin 
' 
' 
7 Kl = 4.0 x 10 
5 K2 = 8. l x l 0 
can be compared. If the two sites were identical and 
non-interacting with each other, then the statistical 
relationship between the K values would be K1=4K 2 (Simms, 
1926). The observed relationship 1s K1=50K 2 . It can 
be concluded that in Zn 2-albumin the two binding sites are 
not independent and identical. The magnitude of the constants 
is also surprising. The values derived here are in rough 
agreement with earlier estimations by Giroux and Henkin 
(1972), who quoted log Kzn-alb=6.98 . Later studies by 
these same authors reduced this figure to log KZn-alb=6.l-6.3 
(Giroux & Henkin, 1972a). Their analysis, however, did not 
imagine the complex Zn 2-albumin, a reasonable assumption 
as it turns out in view of the minor consequence of this 
species. However, the binding of zinc(!!) ions to albumin 
as indicated by the size of these conditional stability 
constants is considerably stronger than the binding of 
these ions by a simple amino acid (e.g. log KZn-gly=4.90). 
Because of the unknown composition of the zinc(!!) 
l 4 9 
binding sites of albumin,comparison between the conditional 
stability constants obtained for zinc(II)-albu min complexes 
and the stability constants of zinc(II)-peptide complexes 
has proved less fruitful than the parallel comparisons 
among copper(II) complexes. It is known that one proton 1s 
released when a zinc(II) ion binds to albumin at pH 6.6 
(Rao & Lal, 1958a). Since ionisation of peptide bonds is 
not generally associated with zinc(II) ion binding by model 
peptides, the only protons released must come from groups 
titratable in the absence of the metal 10n. If a peptide 
can be represented by H L , where x 1s the number of 
X 
titratable pronons on the peptide at pH 7.4, then the 
reaction with zinc(II) ions at pH 7.4 can be written 
Zn 2+ + H L ' Znl + xH+ 
X '-
Since protons are ignored when quoting conditional stability 
constants of the zinc(II)-albumin complexes, the constant 
for comparison with that obtained for Zn-albumin is 
K1 = [ZnLJ/ [Zn 2+J [H LJ 
X 
Potential model peptides can be compared with serum albumin 
in this way. The peptide diglycine has two titratable groups, 
of which only the amino group is protonated at pH 7.4 . 
This has a pKa value of 8.12 (Li & Chen, 1958). At pH 7.4 
this group will be 84 % protonated so that when the peptide 
complexes a zinc(II) ion, 0.84 protons will be released. 
Log KznL for this complex is 3.43 (Li & Chen, 1958) ,i.e. 
IZnLJ/ [Zn 2+J [LJ = 10 3 · 43 
At pH 7.4, using the theory of proton dissociation curves 
[H LJ/[H+Jx[LJ = lo 6 · 94 
X 
so that 
[ZnLJ/ [Zn 2+J [H LJ 
X 
= 
l 50 
Since x=0.84 and H+ = 10- 7 · 4 , this becomes log K1 =2.71 . 
This figure has to be compared with log Kzn-alb=7.56 for 
the formation of the complex Zn-albumin. Clearly diglycine 
is not a good quantitative model for the interaction 
between zinc(II) ions and serum albumin. 
Histidyl peptides were investigated as possible models. 
Titration data were recently published for the interactions 
between zinc(II) ions and the peptides histidyl-glycine 
and histidyl-glycyl-glycine (Yokoyama, Aiba & Tanaka, 1974). 
Histidyl-glycine has three displaceable protons with pKa 
values of 2.94, 6.01 and 7.87 . Using these figures a net 
number of 0.78 protons are associated with this peptide at 
pH 7.4 The stability constant quoted for the species 
Znl is log K=4.86, which reduces to a conditional stability 
constant at pH 7.4 of 
K ( = [ Z n L J / [ Z n 2 + J [ H L J l o g K' = 3 . 2 3 
X 
Here L represents the unprotonated peptide and x=0.78 in 
calculations along the lines used for diglycine earlier 
(page 149). Histidyl-glycyl-glycine is less avid for zinc(II) 
ions at pH 7.4 than histidyl-glycine, the corresponding 
conditional stability constant for the 1 :1 zinc(II)-peptide 
complex being log K =2.19 based on the figures given by 
Yokoyama, Aiba and Tanaka (1974). 
No simple model peptide has been found in the literature 
to date to give a co mplex with zinc(II) ions with a 
conditional stability constant close to that de t er mined 
for Zn-albu min. It is possible that the bindi ng sites of 
serum albumin for zinc(II) ions have no si mpler peptide 
l 5 l 
model. They may exist as part of the secondary and 
tertiary structures of the protein and not si mply as part of 
the pri mary peptide chain. Such a situation has been found 
in the binding site of carboxypeptidase A for zinc(II) ions 
(Lipsco mb, 1970) in which the zinc(II) ion is coordinated 
through two histidine side chains in positions 69 and 196 
of the primary sequence, and a glutamic acid residue in 
position 72. Here no simple peptide model could mimic the 
binding site, and a similar situation may arise in the 
zinc(II) binding sites of serum albumin. 
1 5 2 
In conclusion. 
The method of competitive dialysis devised and applied 
1n this thesis, has produced conditional stability constants 
for copper(II) and zinc(II) complexes with albu min. It 1s 
hoped that these figures are a reasonable reflection of the 
avidity of serum albumin for these metal ions in blood 
serum. With respect to the binding of copper(II) ions by 
albumin, comparisons between the conditional stability 
constants for Cu-albumin and copper(II)-peptide complexes 
are consistent with other evidence that the N-terminal of 
the protein furnishes the physiologically important binding 
site for this metal. Lack of structural information 
precludes any corresponding conclusions in respect of the 
binding sites for zinc(II) ions. 
One further test may be made of the feasibility of the 
conditional stability constants determined for the metal-
protein complexes. The following results were obtained 
using the approach of Hallman et al. (1971) ,of calculating 
the distribution of metal complexed species in solution 
when serum albumin and 17 amino acids are placed in 
competition for copper(II) and zinc(II) ions. Published 
stability constants for metal ion-amino acid complexes, and 
the physiological concentrations of amino acids and metal 
ions were taken from Hallman et al. (1971). The physiological 
-3 concentration of serum albumin was taken as 0.68xl0 molestl. 
Copper(II)-albumin complexes accounted for 98.1 % of the 
complexable copper(!!) available. This is in good agreement 
with observations using other techniques in which it was 
found that about 2% of the complexable copper(II) of blood 
l 5 3 
serum was 1n low molecular weight complexes (Neumann & Sass-
Kortsak, 1967}, the rest being bound almost exclusively to 
albumin (Bearn & Kunkel, 1954). The dominant species 
according to these calculations is Cu-albumin 2 , accounting 
for almost all the copper(II)-albumin (0.lOBxl0- 5 moles/l. 
compared with O.llOxl0- 5 moles/l. copper(II) ions available). 
Lesser amounts of Cu - al bum i n ( 0 . 2 0 x l O - 7 mo l es/ l . ) and 
Cu-albumin-amino acid ( 0.5xl0- 9 moles/1.) were calculated 
to be present. The 2% of copper(II) ions bound to amino 
acids were in the form of the mixed complexes Cu-cystine-his 
and its monoprotonated derivative, and Cu(his) 2 . The 
species Cu-his-thr (Sarkar & Kruk, 1966) was not included 1n 
these calculations owing to the lack of a stability constant 
for this species. 
The same calculations also showed that the species 
Zn-albumin accounted for 95.1% of the total zinc(II) ions 
present (0.438xl0- 4 moles/1. of a total of 0.460xl0- 4 moles/1.). 
The species Zn 2-albumin represented only 0.15 % (0.69xl0- 6 
moles/1.) of the total zinc(II). This, however, is a less 
certain description of the distribution of zinc(II) ions in 
blood serum, since albumin is not the only macromolecular 
ligand for this metal ion. Serum albumin is believed to 
bind only about 40% of the total zinc(II) ions present 
(Okunewick et al., 1963), all protein fractions complexing 
zinc(II) ions to some extent. 
Of major interest are the levels of free metal ions 
remaining in solution after complexing has occurred. The 
concentration of free copper(II) ions in blood serum was 
l 5 4 
-14 calculated to be 0. 14 x 10 moles/1.; the concentration 
of free zinc(II) ions was -8 0.70 x 10 moles/1. These 
figures are both a factor of 10 2 lower than the currently 
held values for these concentr£ions (Hallman et al., 1971). 
This indicates how important is serum albumin as a ligand 
in metal complex equilibria in blood serum, such a belief 
being the impetus behind the devising and application of 
the method of competitive dialysis presented in this thesis. 
APPENDIX 
1 5 5 
Computer program for calculation of apparent bindlng constants 
from competitive dialysis experiments. 
The following computer program was written in FORTRAN IV 
to calculate the values of the apparent binding constant, 
Kapp , of metal ion/protein interactions at r<l from competitive 
dialysis experiments. It is dimensioned to cater for up to 30 
experiments with up to 10 observations (=dialysis wells) from 
each experiment. The distribution of metal ions between 
solutions A and Bat equilibrium is calculated by computing the 
regression line of a graph of 6[M] vs. [M]init, and 
extrapolating to 6[M]=O for each solution, so avoiding the 
need to plot the graph. In practice it was found that in a 
given experiment, the values of 6[M]Aj and 6[M]Bj (where j 1s 
the well number) were very close. In fact they should be 
identical so their values were averaged giving a figure for 
t[M] which was read into the computer. The composition of 
solution A at equilibrium in a given experiment, in terms of 
the ionic species present in solution, was calculated using 
the logic of the program COMICS (Perrin & Sayce, 1968), and 
Kapp subsequently calculated. Output from this program 
consists of the following figures for each experiment: [P]t , 
[L]t , [M]t , [M]A , [M] 8 , [L] , [M] , [M]p , rand Kapp . 
A card 1s read to input: 
1. Number of associated spec1es (=number of pKas and stability 
constants) formed between the metal ions, competing ligand and 
protons. (13) 
2. For each associated species, the stoicheiometry of the 
species with respect to protons (hydroxyl ions have negative 
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integer)~ competing ligand, and metal ions; a log total 
formation constant for each spec1es (pK s read as positive); 
a 
and a name. (I2,2Il,F7.3,2A6} 
3. Number of experiments to be computed. (13) 
4. pH of the experiments. (F6.3) 
5. For first experiment, total concentration of competing 
ligand, total concentration of metal (= [M]A+[MJ 8 }, total 
concentration of protein, and the number of observations made 
on that experiment. (3El l .4,12} 
6. For each observation read in 5, ~[M] C with s1gn ) and 
[M]Ainit. (2Ell.4) 
Steps 5 and 6 are repeated for all experiments. 
DIMENSION N(30 ,3) ,BETA(30) ,SNAMEl (30) ,SNAME2(30) ,CON(30), 
lAN(30,3) ,TLIG(30) ,TPR0(30) ,TMET(30) ,DIFM(lO) ,GOM(lO), 
2AMET(30) ,PMET(30) ,BMET(30) ,UBAR(30) ,FMET(30) ,FLIG(30), 
3APPK(30) ,CSPEC(30) 
l FORMAT(I3) 
2 FORMAT(I2,2Il,F7.3,2A6) 
3 FORMAT(lHl ,5X, 1 H1 ,5X, 1 L 1 ,5x, 'M' ,5X, 1 BETA 1 ,/) 
4 FORMAT(3(4X,I2),4X,F7.3,5X,2A6) 
5 FORMAT(F6.3) 
6 FORMAT(3Ell.4,I2) 
7 FORMAT(2El 1.4) 
8 FORMAT( l Hl ,5X, 1 PROTEIN 1 ,8X, 1 LIGAND 1 ,BX, 1 METAL 1 ) 
9 FORMAT(llX, 1 SOLN A1 ,6X, 1 SOLN B 1 ,lOX, 1 FREE LIG 1 ,5X, 
l 'FREE MET 1 ,lOX, 1 M/PR0 1 ,7X, 1 UBAR 1 ,7X,'K APPARENT',/) 
10 FORMAT(3(3X ,Ell. 4)) 
ll FORMAT(2(5X,Ell .4,3X,Ell .4) ,5X,Ell .4,3X,F6.3,5X,Ell .4,/) 
READ(5,l)NSPEC 
DO 110 I=l ,NSPEC 
READ(5 ,2) (N(I ,J) ,J=l ,3) ,BETA(I) ,SNAMEl (I) ,SNAME2(I) 
CON(I)=EXP(BETA(1)*2.303) 
l 5 7 
DO 100 J:::l ,3 
100 AN(I ,J}:::N(I ,J) 
110 CONTINUE 
WRITE(6,3) 
DO 120 1:::1,NSPEC 
l 2 0 WR 1 TE ( 6 , 4) ( N ( I , J) , J::: l , 3) , BET A (I) , SN AME l (I) , SN AME 2 ( I ) 
READ(5, l )NEXP 
READ(5,5)PH 
H:::EXP(-PH*2.303) 
GL I G:::H 
GMET:::H 
DO 200 I:::l ,NEXP 
READ(5,6)TLIG(I) ,TMET(I) ,TPRO(I) ,NOBS 
SUMX:::Q. 
SUMXY:::Q. 
SUMY=O. 
SUMX2:::0. 
DO 130 J::: l, NOBS 
READ(5,7)DIFM(J) ,GOM(J) 
SUMX:::SLJMX+DIFM(J) 
SUMY=SUMY+GOM(J) 
SUMXY:::SLJMXY+DIFM(J)*GOM(J) 
130 SUMX2=SUMX2+DIFM(J)**2 
AMET(I)=(SUMX*SUMXY-SUMY*SUMX2)/(SUMX**2-FLOAT(NOBS))* 
lSUMX2) 
BMET(I)=TMET(I)-AMET(I) 
PMET(I)=TMET(I)-2.*AMET(I) 
UBAR(I)=PMET(I)/TPRO(I) 
135 DO 140 K=l ,NSPEC 
140 CSPEC(K)=CON(K)*H**N(K,l)*GLIG**N(K,2)*GMET**N(K,3) 
L=2 
RLIG:::GLIG 
RMET=GMET 
DO 150 K=l ,NSPEC 
RLIG=RLIG+AN(K,2}*CSPEC(K) 
150 RMET:::RMET+AN(K,3)*CSPEC(K) 
R:::SQRT(RLIG/TLIG(I)) 
IF(ABS(R-1. )-l .OE-04)152, 152,154 
152 L:::L-1 
154 GLIG~GLIG/R 
l 5 8 
R~SQRT(RMET/AMET(I)} 
IF(ABS(R-1. }-l .OE-041156, 156,158 
156 L=L-l 
158 GMET=GMET/R 
IF(L)l60, 160,135 
160 FLIG(l)=GLIG 
FMET(l)=GMET 
APPK(I)=PMET(I)/(FMET(I)*(TPRO(I)-PMET(I))) 
200 CONTINUE 
WRITE(6,8) 
WRITE(6,9) 
DO 300 I=l ,NEXP 
WRITE(6,lO)TPRO(I) ,TLIG(I) ,TMET(I) 
300 WRITE(6, ll)AMET(I) ,BMET(I) ,FLIG(I} ,FMET(I) ,PMET(I}, 
1 UBAR( I) ,APPK( I) 
CALL EXIT 
END 
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